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Summary  
A typical feature of miombo woodland of South Katanga (D.R. Congo) is the presence of large 
dome-shaped termite mounds, built by Macrotermes falciger. They often exceed 5 m in height 
and 20 m in diameter and occur at a density of 3 to 5 mounds ha-1. While the differing properties 
of termite mound material compared to the surrounding soils are well-documented, far less is 
known about their internal variability within the mounds. In this PhD thesis, the variation within 
the mounds is visualised, and the processes underlying its formation are investigated. Based on 
mound morphology and variations in soil-related properties within the mounds, four zones can 
be distinguished: the outer mantle, the active nest, the accumulation zone, and a transition zone. 
Intermittent leaching plays a key role in the development of this zoning. The steep and smooth 
mound surface and its fine-textured material limit the amount of percolating water in the rainy 
season. As a mound grows larger, this amount of water is no longer sufficient to leach mobile 
compounds to below ground level, leading to their accumulation in the lower central part of the 
structure.  
In an attempt to put a time frame on mound formation, a direct 14C dating method is devised and 
evaluated. The radiocarbon age of the acid-insoluble organic matter along the central vertical 
axis of large abandoned termite mounds increases with depth, to an ages around 750 and 2200 
yrs old at ground level. This is much older than previously estimated, and these are thereby 
possibly the oldest termite structures ever dated. Large abandoned mounds seem best-suited for 
this dating method, as leaching of more recent carbon from active nests possibly influences age 
measurements of older, deeper parts. Dating multiple samples along the central mound axes 
enables reconstructing historical mound growth rates. The latter are found to correspond to 
past temperature fluctuations, suggesting lower ambient temperatures reduce mound 
occupancy rates. 
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Furthermore, the metabolic gas production of M. falciger colonies is determined along with the 
methane oxidation potential of the mound material. Laboratory incubation experiments show 
that interactions between the mound components (termites, fungus comb, and mound material) 
influence the production rates of carbon dioxide and methane. Measured production rates of 
combinations of these mound components differ from those predicted from the incubation of 
individual mound components. In situ production rates of metabolic gasses by termites may 
therefore differ substantially from those measured in vitro. High methane concentrations and 
constant humidity inside the nest result in a higher potential methane oxidation compared to 
other mound parts and the reference soil. These termite-induced changes to the abiotic 
environment create a niche habitat, which harbours a distinct methanotrophic microbial 
community.  
Lastly, the practice of spreading out mound material on the surrounding soil is evaluated in 
terms of its effects on soil fertility and crop performance. A pot trial was set up in conjunction 
with field sampling to evaluate the potential agricultural application of mound materials. The 
addition of material from the mounds’ accumulation zone to the surrounding Ferralsols has a 
positive influence on soil fertility and crop performance, as a result of the high concentrations of 
macro- and possibly also micronutrients in this material. Addition of the outer mound parts does 
improve plant growth. Caution remains necessary, as the benefits to chemical soil fertility 
obtained by spreading out termite mound material may not outweigh their adverse effects on 
the physical soil properties. In fields receiving chemical fertilizers, the benefits to chemical soil 
fertility of spreading out mound material are minimal, while the fine texture, high water-
dispersible clay content and low organic matter content of the mound material may cause 
slaking and poor soil aeration. 
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Samenvatting 
De miombo bossen van Zuid-Katanga (D.R. Congo) worden gekenmerkt door de aanwezigheid 
van grote, koepelvormige termietenheuvels, gebouwd door Macrotermes falciger. Deze zijn vaak 
hoger dan 5 m met een diameter groter dan 20 m, en komen regelmatig verspreid voor aan een 
densiteit van 3 tot 5 heuvels per hectare. Terwijl de verschillen tussen het materiaal van deze 
heuvels en de omringende bodems goed bestudeerd zijn, is er veel minder geweten over de 
interne variabiliteit van bodemgerelateerde eigenschappen binnen de heuvels. In deze 
doctoraatsthesis wordt deze variatie gevisualiseerd, en de processen die er aan de basis van 
liggen worden onderzocht. Gebaseerd op de morfologie van de heuvels en de variaties in 
bodemgerelateerde eigenschappen kunnen vier zones onderscheiden worden: de buitenste 
mantel, het actieve nest, een overgangszone, en de accumulatiezone. Gelimiteerde uitspoeling 
speelt een belangrijke rol in de ontwikkeling van deze zones. Het steile en gladde oppervlak en 
de fijne textuur van de heuvel beperken de hoeveelheid water dat infiltreert in het regenseizoen. 
Als de heuvel groter wordt, is deze hoeveelheid niet meer voldoende om mobiele verbindingen 
tot onder het maaiveld te spoelen, waardoor deze accumuleren in het onderste centrale deel van 
de heuvel. 
In een poging een tijdskader te plakken op de vorming van de heuvels, wordt een directe 
dateringsmethode voorgesteld en getest. Koolstofdatering van de zuur-onoplosbare organische 
stof langsheen de centrale verticale as van de grote verlaten termietenheuvels levert 
betrouwbare leeftijdsschattingen op voor de bemonsterde heuvelposities. De verlaten heuvels in 
deze studie lijken ten minste 750 en 2200 jaar oud te zijn, veel ouder dan eerder geraamd. Dit 
maakt ze mogelijks de oudste termietstructuren ooit gedateerd. Grote verlaten heuvels lijken het 
meest geschikt voor het toepassen van deze methode, aangezien de uitloging van recentere 
koolstof uit actieve nesten mogelijks leeftijdsbepaling in diepere delen beïnvloedt. Het nemen 
van meerdere monsters langsheen de centrale assen maakt het mogelijk de historische 
heuvelgroei te reconstrueren. De overeenkomst hiervan met  temperatuurschommelingen in het 
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verleden suggereert dat lagere omgevingstemperaturen de bezettingsgraad van de heuvels 
verminderen. 
Verder wordt ook de productie van metabolische gassen van een M. falciger kolonie gemeten, 
samen met de potentiële methaanoxidatie in het omringende heuvelmateriaal. De incubatie-
experimenten tonen aan dat de interacties tussen termieten, schimmelkam en heuvelmateriaal 
de productiesnelheid van kooldioxide en methaan beïnvloeden. Gemeten productiesnelheden 
tijdens gecombineerde incubatie van heuvelcomponenten verschillen van deze voorspeld uit de 
incubatie van individuele heuvelcomponenten. In situ productiesnelheden van metabole gassen 
door termietenkolonies kunnen derhalve aanzienlijk verschillen van in vitro gemeten waarden. 
De hoge methaanconcentraties en constante vochtigheid in het nest resulteren in een hogere 
potentiële methaanoxidatie in vergelijking met andere delen van de heuvel en de 
controlebodem. Deze termietgeïnduceerde veranderingen van de abiotische omgeving creëren 
een nichehabitat, die een unieke methanotrofe microbiële gemeenschap huisvest.  
Tot slot wordt het uitspreiden van termietenheuvelaarde over de omringende bodem 
geëvalueerd wat betreft het effect op de bodemvruchtbaarheid en gewasproductiviteit. Een 
potproef werd opgezet in combinatie met veldbemonstering om de potentiële landbouwkundige 
toepassing van termietenheuvelmaterialen te evalueren. Resultaten van de potproef suggereren 
dat de toevoeging van materiaal uit de accumulatiezone aan de omliggende bodems een 
positieve invloed heeft op de bodem vruchtbaarheid en de gewasgroei, als gevolg van de hoge 
concentraties macro- en mogelijks ook micronutriënten in dit materiaal. Toevoeging van de 
buitenste delen van heuvel blijkt de plantengroei niet te verbeteren. Voorzichtigheid blijft 
noodzakelijk, aangezien de voordelen voor de chemische bodemvruchtbaarheid verkregen door 
het uitspreiden termietenheuvelmateriaal mogelijks niet opwegen tegen de nadelige effecten op 
de fysische eigenschappen van de bodem. In velden waar ook kunstmest worden toegevoegd, 
blijken de voordelen van het uitspreiden van termietenheuvels voor de chemische 
bodemvruchtbaarheid minimaal te zijn, terwijl de fijne textuur, het hoge water-dispergeerbare 
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kleigehalte en de lage hoeveelheid organische stof in het heuvelmateriaal kunnen leiden tot 
verslemping en een slechte bodembeluchting. 
  
 xi 
Résumé  
Une des caractéristiques typiques de la forêt claire du Sud du Katanga est la présence des 
grandes termitières en forme de dôme érigées par Macrotermes falciger. Elles dépassent souvent 
les 5 m de hauteur et 20 m de diamètre et leur densité est de 3 à 5 termitières ha-1. Malgré le fait 
que la différence entre les matériaux de termitières et les sols environnants est bien 
documentée, la variabilité des propriétés du sol au sein des termitières reste jusqu' alors très 
peu connue. Dans cette thèse de doctorat, leur variation et les processus qui sont à la base de 
celles-ci ont été étudiés. En se basant sur la morphologie de la termitière et la variation des 
propriétés du sol, on distingue quatre zones dans les termitières : le manteau extérieur, le nid 
actif, une zone de transition et la zone d’accumulation. Le lessivage intermittent joue un rôle 
important dans le développement de ce zonage. La surface lisse et dure de la termitière et la 
texture fine de ces matériaux limitent la percolation de l’eau durant la saison des pluies. Au fur et 
à mesure que la termitière grandit, la quantité d’eau qui s’écoule n’est plus suffisante pour 
lessiver les composés mobiles en dessous de la termitière, conduisant à leur accumulation à la 
base de la partie centrale de la termitière.      
Une méthode directe de datation par 14C a été mise au point et évaluée pour établir une 
chronoséquence de la formation des termitières. Il a été démontré que la datation au 
radiocarbon de la matière organique insoluble dans l’eau le long de l’axe vertical d’une 
termitière abandonnée fournit une estimation d’âge fiable pour les positions échantillonnées. 
Les termitières inactives dans cette études ont au moins 750 et 2200 ans d’âge, et sont de loin 
plus vielles que celles étudiées dans les recherches antérieures, et pourraient bien être les plus 
vieilles termitières qu’on ait jamais daté. Cette méthode de datation convient le mieux pour les 
grandes termitières abandonnées, car il est possible que le lessivage du carbone récent influence 
la mesure de l’âge dans les parties vieilles et profondes des termitières actives. La prise 
d’échantillons le long de l’axe central d’une termitière permet de reconstruire sa vitesse de 
croissance. Cette dernière semble correspondre à la fluctuation de la température dans le passé, 
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suggérant qu’une diminution de la température ambiante réduit le taux d’occupation des 
termitières.   
En outre, la production des gaz métaboliques des colonies de M. falciger est déterminée en 
même temps que le potentiel d'oxydation du méthane dans les matériaux de termitière. Les 
expériences d'incubation en laboratoire montrent que l’interaction entre les termites, les meules 
de champignons et les matériaux de termitières influence le taux de production de dioxyde de 
carbone et de méthane. Le taux de production mesuré pour une incubation combinée des 
composés d’une termitière est différent de celui prédits des incubations individuelles des 
composés d’une termitière. Ainsi donc, le taux de production in situ des gaz métaboliques 
produits par les termites diffère substantiellement de la production in vitro. La concentration 
élevée de méthane et l’humidité constante à l’intérieur du nid résultent en un potentiel élevé 
d’oxydation du méthane dans cette partie de la termitière en comparaison avec les autres parties 
et au sol de référence. Ce changement à l’environnement abiotique induit par les termites crée 
une niche écologique, qui abrite différentes communautés des bactéries méthanotrophiques.  
Pour finir, la pratique d’épandage des matériaux de termitières sur les sols environnants a été 
évaluée en terme de ses effets sur la fertilité du sol et la performance des cultures. Une 
expérimentation en pot a été conduite concomitamment avec un échantionnage sur terrain pour 
évaluer les potentialités d’utilisation des matériaux de termitières en agriculture. Les résultats 
de l’expérimentation en pot suggèrent que l’addition des matériaux provenant de la zone 
d’accumulation d’une termitière aux Ferralsols environnants a une influence positive sur la 
fertilité de ces sols et le rendement des cultures, ceci est dû à la concentration élevée en macro- 
et possiblement en micronutriments dans ces matériaux. Une distinction devrait être faite à ce 
sujet entre les matériaux de la zone d’accumulation et ceux provenant du reste de la termitière, 
qui ne semblent pas améliorer la croissance des plantes. La prudence reste de mise, car les 
bénéfices de fertilité chimique obtenu par l’épandage des matériaux de termitières peuvent être 
atténuées par les limitations physiques de ces matériaux. Sur des terrains fertilisés par l’engrais 
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chimique, le bénéfice de l’épandage des matériaux de termitières sur la fertilité des sols est 
minimal, alors que la texture fine, la teneur élevée en argile dispersible dans l’eau et la faible 
teneur en matière organique de ces matériaux peuvent causer la formation d’une croûte de 
battance et une faible aération du sol.         
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Chapter 1 
General introduction 
1.  Termites 
There are few animals in the world that are as well-represented in the tropics as termites. 
Equally impressive to their distribution is the influence they can exert on their environment. 
Their feeding and nesting habits, although highly variable amongst different species, often play a 
key role in controlling habitat properties such as biomass turnover, nutrient cycling and soil 
properties (Jouquet et al., 2011). 
1.1 Biology 
Termites are eusocial polymorphic insects. This implies one species having several castes, each 
differing in appearance and performing different tasks (Fig 1.1). Caste determination is 
regulated by pheromone levels in the colony. The worker caste is generally the most numerous. 
They are typically pale, soft-bodied individuals responsible for foraging, tending other castes 
and nest building. The soldier caste defends the colony against intruders. They are usually 
slightly larger than the workers and are mostly blind and pale, except for their oversized, 
sclerotized heads. Soldiers of some species are equipped with large mandibles, while others 
have either frontal glands (fontanelle) or nose-like projections (nasus) that emit sticky, repellent 
or toxic substances against attackers. In some species, soldiers have short, truncated 
(phragmotic) heads used to plug tunnel entrances. In some termite colonies, soldiers may make 
up as much as one fourth of the population, in others they are fewer, and some species lack 
soldiers altogether. The reproductive caste consists of fully sclerotized adults. In most species, 
they have compound eyes and two pairs of wings, earning them the name “alates”. After a short 
flight, female reproductives shed their wings and attract mates with the help of pheromones. 
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Males also shed their wings as soon as they have found a mate. Once a suitable site is found, they 
jointly establish a new termite colony.  
Termites are often referred to as ‘white ants’. Their comparable size, social organisation, and a 
division of labour based on castes indeed create the impression that termites belong to the same 
order as ants and bees, the Hymenoptera. In reality however, termites are phylogenetically more 
related to cockroaches and mantids, and independently evolved their complex form of social life 
(Korb, 2007). When examined more closely, distinct differences between termites and ants 
become clear. Unlike Hymenoptera, termites have broad waists and straight antenna. 
Furthermore, termites are hemimetabolous, whereas as Hymenoptera are homometabolous. 
This means the active termite population is made up of immature individuals. The larvae don’t 
go through the pupa stage (incomplete metamorphosis), but instead grow with each moult 
through several instar stages. Hymenoptera do undergo complete metamorphosis and their 
active societies thus contain only adults (imagos). An important implication of this difference is 
the ability of some termite species’ larvae to change their caste according to the need of the 
colony, where ants do not possess this flexibility (Eggleton, 2011). 
Another differentiating characteristic is the bisexual nature of termite colonies. While 
Hymenoptera males almost never play any social role at all, termite colonies have an equal sex 
ratio. Males and females alike often perform the same tasks, though sexual dimorphism is 
present in some species (large males and small females or vice versa; Roisin, 2002). Although 
there are many morphological differences between families as well as species, all termites share 
some universal traits. The body measures between 1 and 25 mm, depending on species and 
caste. It consists of a head, a thorax and an abdomen. Workers and soldiers of most species are 
blind, as their subterranean lifestyle lacks the need for sight. They are soft-bodied insects, highly 
sensitive to dehydration. Their often elaborate nests protect them from predators, and allow 
them maintain their homeostasis by controlling the environmental variables, such as 
atmosphere, temperature and humidity (Schabel, 2006).  
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1.2 Taxonomy 
In the past termites were classified as the order of the Isoptera, but they have recently been 
reclassified as the epifamily Termitoidae belonging to the superfamily of the Blattoidae of the 
order of the Blattodea (Beccaloni & Eggleton, 2013). Within the epifamily of the Termitoidae, 
currently 2929 termite species are recognized, categorized in 9 families: Mastotermitidae, 
Archotermopsidae, Hodotermitidae, Stolotermitidae, Kalotermitidae, Stylotermitidae, 
Rhinotermitidae, Serritermitidae and Termitidae.  
According to Korb (2007) termites can be divided in two groups dependant on their way of life. 
The group of the "wood-dwellers", also called "one-piece nesters", representing the 
Termopsidae, Kalotermitidae and some of the Rinothermitidae. These termites live inside their 
food (a single piece of wood) that also functions as shelter. Three permanent castes are 
observed: sterile soldiers, winged sexuals, and neotenic replacement reproductives. The 
workers are omnipotent and can explore all caste options cause of their flexible development. 
Therefore they are also called pseudogates, helpers or false workers in comparison with the true 
workers that are observed in the following group. These false workers do not tend to take care 
of the eggs or young individuals, which is not really necessary since they live inside their food.  
The foraging group, also called "multiple-pieces nesters" represents more than 80% of all known 
termite species, and includes the Mastotermitidae, the Hodotermitidae, most Rhinotermitidae, 
the Serritermitidae and the Termitidae (Korb, 2007; Eggleton, 2011). This group has well-
constructed nests that are more or less distinct from their foraging territory. In contrast to the 
previous group these termites have to leave the nest to search for food, but this also means that 
the colony's lifespan is less determined by food availability. The workers of this group have a 
more restricted development because of the separation into two developmental pathways that 
can already be determined in the egg stage and is believed to be influenced by the season. The 
first pathway leads to apterous nymphs that will become the soldiers and workers. The second 
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Figure 1.1 Schematic life cycle of Macrotermes spp. (Termitidae)(Schabel, 2006) 
pathway leads to reproductive individuals that will develop wings over several moults and will 
eventually leave the nest to found new colonies elsewhere (Fig 1.1). 
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Over 75% of all known termite species belongs to the Termitidae, which is believed to be the 
most evolved family. It’s members are therefore often referred to as ‘higher termites’ (Eggleton, 
2011). This family consists of seven subfamilies (Nasutitertermitinae, Sphaerotermitinae, 
Foraminitermitinae, Apicotermitinae, Syntermitinae, Termitinae and Macrotermitinae) A 
Termitidae queen typically has a swollen abdomen due to her strongly developed ovaries (Fig 
1.1). The Termitidae are often the dominant termite family, particularly in tropical rain forests 
and savannas. 
1.3 Feeding types 
Termites feed on a wide range of organic materials, which they digest with the help of 
specialized gut microflora. Several feeding strategies can be discerned among different species, 
of which soil-feeding and fungus-growing are often the most important ones in terms of activity 
and areal biomass density.  
1.3.1 Soil-feeding termites 
Soil feeders form the largest of feeding types. These termites get their nourishment from the 
humic substances in the soil they ingest. Despite their unpromising diet, they are among the 
most successful genera, reflected in high species richness, abundance and biomass (Brauman et 
al., 2002). Their digestive systems are different from those of other feeding groups, adapted to a 
high flux of substrate. Their bodies are often elongated, as an increased gut length helps to 
extract a maximum of nutritional value. Considering their often high areal biomass density, the 
quantities of soil that get processed in this fashion every day is substantial. While some soil-
feeders build wholly subterranean nests, many species build relatively small (<1 m) dome- or 
mushroom-shaped mounds, using the soil they excrete. This worked soil shows considerable 
differences with control soils. The anterior hindguts of some species can reach up to pH 12.5, the 
highest alkalinity found in any biological system (Donovan; 2001). It may render organic 
material more accessible to digestion through alkaline hydrolysis prior to microbial degradation 
under more neutral conditions further down the intestine. At the same time, it excludes 
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allochthonous microbes from the posterior hindgut. This elevated pH is brought up as the reason 
why worked soils show a slight rise in pH. The soil also undergoes a physical fractionation in the 
gut, as coarse material low in organic matter is rushed towards the rectum while feeding. The 
finer soil material adheres to the gut walls and is excreted in the nest to use as building material.  
The result is a raise in the relative level of clay in mound soil, while that of sand declines. This 
increases water holding capacity. A last effect is the fragmentation of organic carbon, thereby 
increasing its specific surface and with it, soil cation exchange capacity and microbial activity. 
Overall, termite-worked soils show an augmented soil fertility (Donovan, 2001). Other authors 
noted similar results: Lopez-Hernandez et al. (2005) reported increased P availability, with a 
concomitant decrease in P-sorption values in soils of Cubitermes severus mounds compared to 
surrounding savannah soil. Ndiaye et al. (2004) account of Cubitermes niokoloensis mounds as 
hot spots of mineral nitrogen compared to the reference savanna soil, while being associated 
with a higher density of denitrifying bacteria. These effects are local and temporary, yet result in 
patchiness of the soil system. Given the high biomass density and rapid turnover of soil feeding 
termite colonies in many tropical ecosystems, their presence generates a high level of small-
scale habitat differentiation in the soil (Donovan, 2001). 
1.3.2 Fungus-growing termites  
The Macrotermitinae, a Termitidae subfamily, stands out from all other termites because of their 
remarkable symbiosis with fungi, as well as their sometimes very sizeable and elaborate nests. 
Most Macrotermitinae species are characterized by a large body size (with the notable exception 
of all Microtermes species). They also exhibit colony populations of up to 2 million. With a 
biomass reaching 50 kg dry weight ha-1 in some cases, these termites can exceed that of 
vertebrate and other arthropod herbivores in the same habitat (Turner, 2006). The high 
abundance and activity of these termites implies a large ecological impact in terms of nutrient 
cycling and soil turn-over. 
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Macrotermitinae are referred to as fungus-growing termites because all species (apart from 
Sphaerotermes) maintain a remarkable symbiosis with Termitomyces fungi, which they cultivate 
inside their nests on specially devised fungus combs (Fig 1.2). These sponge-like structures are 
made of the faeces of foraging workers, that thus translocate large amounts of dead wood and 
litter into the mound’s fungus gardens. The fungus breaks down the lignin in the foraged plant 
material, thus facilitating the decomposition of the remaining cellulose. Mature combs are eaten 
again by the termites. The combined digestion of fungus and termites ensures a very high 
breakdown efficiency of lignocellulosic biomass (Aanen et al., 2002; Schabel, 2006). 
Macrotermitinae are therefore often the most important detrivores; they can consume more 
than 90% of dead wood and directly mineralize up to 20% of the net primary production 
(Buxton, 1981; Collins, 1981; Mando et al., 1999; Yamada et al., 2005; Kumari et al., 2006). This 
has important consequences for the C-cycle: Macrotermitinae seem to ‘short-circuit’ the food 
web by translocation of litter into their nests, where it is thoroughly decomposed, producing 
little soil organic matter (SOM). Macrotermitinae activity thus contributes to the low SOM levels 
in the tropics (Jones, 1990; Konaté et al., 2003). 
 
Figure 1.2 Detail of a fungus comb of Pseudacanthotermes militaris. 
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The homeostasis that these fungi need, is provided through nest architecture and active 
regulation by the termites (Korb, 2003). The mounds constructed by some Macrotermitinae are 
without doubt some of the most elaborate biogenic structures in existence. To construct them, 
workers excavate clay-rich subsoil for its advantageous properties in terms of coagulation, 
erodibility, water storage capacity, and impermeability (Jouquet et al., 2002a; 2004). Up to 10 
m³ ha-1 of soil may be transported to the surface annually (Pomeroy, 2008), although other 
estimates are lower (Black and Okwakol, 1997). Continuous upward movement and erosion of 
soil particles bring about gradual change in topsoil texture at landscape scale. In weathered soils 
of the tropics, this process partly compensates for clay leaching and weathering, and has been 
linked to the formation of stone-lines (Brown et al., 2004; Wilkinson et al., 2009). 
Termite handling makes clay particles coagulate into silt-sized aggregates to a larger extent than 
in the reference topsoil. Besides the cementing saliva, aggregate stability might also be increased 
through a higher presence of polyvalent cations in the subsoil material (Jouquet et al., 2003). 
A few studies document the weathering of clay minerals by termite activity under laboratory 
conditions. By extracting unexchangeable potassium termite handling has been shown to create 
expandable layers (Boyer, 1982; Jouquet, Mamou, et al., 2002). 
The effect on permeability and infiltration is twofold. The continuous erosion of fine-textured 
material creates an impermeable outwash pediment around the mound (Turner, 2006). Beyond 
this zone however, infiltration is increased through the abundant macropores, thus reducing 
run-off and erosion (Elkins et al., 1986; Mando et al., 1996; Léonard and Rajot, 2001).  
Another peculiar feature is the presence of calcium carbonate in termite mounds, often 
associated with a locally elevated pH. Mujinya et al. (2011) have proven that this carbonate 
accumulation is not inherited but of pedogenic origin. The carbonates appear to have 
precipitated in equilibrium with the elevated carbon dioxide concentration inside the nest, 
resulting from the centralized decomposition of organic matter.  
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While most of the organic matter conveyed into the nest is mineralised, plant nutrients remain 
partitioned and concentrated in the centre of the mounds, safe from leaching (Watson, 1975; 
Wood, 1988; Semhi et al., 2008). Macrotermitinae mounds thus constitute fertile soil islands in a 
nutrient-poor landscape (Schabel, 2006). The mounds are colonized by a variety of plant species, 
including more demanding and fire-sensitive ones, that perish in the burned pastures (Jouquet 
et al., 2004; Moe et al., 2009). Large termite mounds were found to serve as resource islands to 
small vertebrates as well as certain large herbivores (Fleming and Loveridge, 2003; Loveridge 
and Moe, 2004), which also use the mounds for skin rubbing, horn sharpening and as salt licks 
(Bakuneeta, 1980). Mound vegetation may serve as shade, while abandoned mounds may serve 
as a refuge to many other species, from other termites (so-called inquilines), over other 
arthropods, to large vertebrates. The mound’s elevated position in the landscape serves as a 
vantage point to many animals. Most notably, birds like tall mounds for the overview they 
provide. This elevated faunal activity associated with the mounds might contribute to the 
mounds’ effect  on the landscape. Longer occupancy of mounds for feeding and shelter results in 
increased deposition of faeces, thus accentuating the differences in soil nutrient content 
(Loveridge and Moe, 2004). Furthermore, undigested seeds of certain plant species ending up in 
faeces may germinate under these favourable conditions. On top of all this, termites are an 
important source of protein to many animals as well as to the people of local communities 
(Redford and Dorea, 1984; Banjo et al., 2006).   
All these effects made several authors note that termite mounds contribute greatly to overall 
biodiversity (Konaté et al., 1999; Traoré et al., 2008; Sileshi et al., 2009, 2010; Jouquet et al., 
2011). At this level of activity and impact, fungus-growing termites are often referred to as 
keystone species or ecosystem engineers, as they modulate the availability of resources to other 
species, by making bio-physical changes to their environment (Jones et al., 1994).  
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2.  Miombo woodland of the Lubumbashi region 
2.1 Vegetation 
Lubumbashi is situated in an ecological region that is known as miombo woodland. This region 
is the largest type of tropical seasonal woodland and dry forest in Africa that covers an area of 
more than 2,7 million km2 (Campbell et al., 2007). It stretches from the west coast of Angola 
through Zambia, Zimbabwe, the southern part of D.R. Congo and Malawi to the east coast of 
Tanzania and Mozambique (Fig. 1.3), sometimes described as a belt wrapped around Africa from 
near the equator to below the tropic of Capricorn (Frost, 1996).  
Figure 1.3 Distribution of miombo woodland (Desanker et al., 1997). Lubumbashi is indicated with a 
square. 
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The main characteristic to distinguish the miombo woodland from other savannah or forest 
types in Africa is the dominance of tree species of the genera Brachystegia, Julbernardia and 
Isoberlinia (Fabaceae, subfamily Caesalpinioideae). The genus of Brachystegia is represented by 
21 species and the other two genera are each represented by 3 species. Various species of the 
Brachystegia genus are locally called Muombo (sing.) or Miombo (pl.), from which this type of 
woodland derived its name. The abundant presence of ectomycorrhizae associated with the 
roots of the dominant tree species is believed to help them survive on the often nutrient-poor 
soils (Timberlake et al., 2010). 
In the peri-urban zone around Lubumbashi, anthropogenic pressure has caused a regressive 
succession (savannization) from miombo woodland to wooded and grassy savannah. The 
floristic composition of the specific vegetation types around Lubumbashi have been described in 
detail by Colonval-Elenkov and Malaisse (1975); and by Malaisse (1985) 
2.2 Climate 
A distinct seasonality is characteristic for this eco-region, as 90% the annual rainfall (>700 mm) 
occurs in 5-7 months. The climatic data for Lubumbashi are summarized in Figure 1.4. The 
climate is characterized by an average annual rainfall of about 1270 mm. The average annual 
temperature is around 20°C, but can fall to an average of 15.6°C in July and rise to an average of 
23°C in October. The dry season lasts from May to September and the rainy season from 
November to March, lasting 118 days on average. April and October are transition months. 
According to the Köppen classification system, this climate is categorized as Cws6 (Malaisse, 
2010).  
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Figure 1.4 Climatogram for Lubumbashi (Climatemps.com) 
2.3 Geology  
The geological substratum of the region belongs to the Katanga Group, which consists of pre-
Cambrian rocks which have been subjected to denudation and baselevelling during Paleozoic, 
Mesozoic and Cenozoic erosion cycles. In the Katanga group, two systems can be distinguished, 
which are separated by the presence of the Great conglomerate, a deposit of several hundred m 
thick, of continental origin with a glacial character. The upper system overlying the Great 
conglomerate, named Kundelungu, is mainly composed of schist and sandstone, while carbonate 
rocks are largely absent. The underlying Schisto-dolomitic System is mainly composed of 
carbonate rocks. The two systems have been subjected to folding and (thrust) faulting due to the 
Kundelungu orogeny. The folds have a N-W orientation and the thrust faults a N-E orientation 
(Fig 1.5). In the deposits, indications of regional metamorphism are practically non-existent. 
Rocks younger than the pre-Cambrian don't occur (Sys, 1959).  
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Figure 1.5 Geological map and cross-section of the Lubumbashi region (Droogmans et al., 1925). 
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2.4 Soils 
According to the Soil and Terrain Database of Central Africa (SOTERCAF; van Engelen et al., 
2006), the two dominant soil types in the Lubumbashi area are Haplic Ferralsols and Rhodic 
Ferralsols. The Rhodic prefix qualifier indicates a red color (hue 5 YR or redder), while the 
Haplic prefix qualifier signifies that no other qualifiers apply. The World Reference Base for Soil 
Resources (IUSS Working Group WRB, 2014) describes Ferralsols as follows: 
Ferralsols are the classical, deeply weathered, red or yellow soils of the humid tropics. These 
soils have diffuse horizon boundaries, a clay assemblage dominated by low-activity clays 
(mainly kaolinite) and a high content of sesquioxides. 
Most Ferralsols have good physical properties. Their great soil depth, good permeability and 
stable microstructure make Ferralsols less susceptible to erosion than most other tropical soils. 
Moist Ferralsols are friable and easy to work. They are well drained but may in times be 
droughty because of their low available water storage capacity.  
The chemical fertility of Ferralsols is poor; weatherable minerals are scarce or absent, and 
cation retention by the mineral soil fraction is weak. Under natural vegetation, nutrient 
elements that are taken up by the roots are eventually returned to the surface soil with falling 
leaves and other plant debris. The bulk of all cycling plant nutrients is contained in the biomass 
and the soil organic matter. If the process of nutrient cycling is interrupted, e.g. upon 
introduction of low-input sedentary subsistence farming, the rootzone will rapidly become 
depleted of plant nutrients. Strong retention (fixing) of P is another characteristic problem in 
Ferralsols. Maintaining soil fertility by manuring, mulching and/or adequate (i.e. long enough) 
fallow periods or agroforestry practices, and prevention of surface soil erosion are important 
management requirements. 
A detailed description of the reference soil profile in this study is given in Appendix 1. 
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2.5 Large termite mounds 
The miombo woodlands of South Katanga (D.R. Congo) are characterized by a high spatial 
density of large conic termite mounds built by Macrotermes falciger (3 to 5 ha-1, covering 4.3-
7.8% of the surface area; Malaisse, 1978). The ecology and biology of M. falciger has been 
studied sparingly in comparison with many other Macrotermitinae. Formerly known as M. 
goliath, this fungus-growing termite has a relatively large body and colony size. A single colony 
was estimated to contain up to two million individuals, and M. falciger can make up 35% of the 
total pedofauna biomass (Goffinet, 1976). This termite species is found throughout Zambia, 
Mozambique, and Zimbabwe, in the southern parts of D.R. Congo and Tanzania, as well as in 
northern South-Africa. It is a predominantly woodland-dwelling species, with a preference for 
well-drained soils (Ruelle 1970). It feeds on a wide variety of litter materials (leaves, grass 
stalks, brushwood,...) but seems to have a  preference for partly decomposed wood (Malaisse 
1990).  
The large termite mounds inhabited by this species received far more attention. With an average 
height of 5.1 m, diameter of 14.9 m, and volume of 256 m³ (Malaisse, 2010), these are some of 
the largest biogenic structures in the world. Only 10% of them is currently inhabited in 
woodland, while in the in the savannized peri-urban zone around Lubumbashi the occupancy 
drops to 1.6% (Aloni, 1975; Malaisse, 1978; Aloni et al., 1981). Assessment of the spatial 
patterns of these mounds in the Lubumbashi region on satellite images suggests that the 
distribution of termite mounds is uniform, regulated by inter- and/or intraspecific competition, 
and not influenced by the nature of the soil parent material (Mujinya et al., 2014). The mounds 
are enriched in 2:1 clays, especially mica and expandable clay minerals, compared to the 
surrounding Ferralsols, resulting greater degree of clay dispersibility in the mound material. 
This was attributed to upward transport of subsoil and saprolite materials by the termites 
(Mujinya et al., 2013). Furthermore, carbonate accumulation of pedogenic origin has been 
described in these mounds, as precipitation of CO2 resulting from the concentrated 
decomposition of organic material in the active nest (Mujinya et al., 2011). 
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3.  Problem statement 
While the accumulation of exchangeable basic cations and the occurrence of carbonates and 
other salts inside Macrotermes mounds has been observed frequently (Lee and Wood, 1971; 
Jouquet et al., 2011; Mujinya et al., 2011), the extent of accumulation appeared to be greater in 
the large mounds built by M. falciger. This was attributed to the prolonged centralized 
decomposition of woody biomass in the mound, combined with reduced leaching due to the 
water-shedding mound properties (Grasse and Noirot, 1957; Coaton, 1962; Watson, 1975; 
Trapnell et al., 1976; Pullan, 1979; Mujinya et al., 2011). Despite the large size of M. falciger 
mounds, the distribution and spatial extent of this accumulation inside individual mounds has 
never been studied in detail, and so the processes behind it remains open to speculation.  
While the mechanism of mound formation has been elucidated (Pullan, 1979), one key piece of 
information is still missing: The time it takes for these mounds to attain their current size is still 
largely unknown. Their impressive dimensions suggest a considerable age, but safe for one 
indirect minimal age estimation by Watson (1967), no dating attempts have been made to date.  
The ecology and biology of M. falciger has been studied sparingly in comparison with many other 
Macrotermitinae. For instance, no data is available on the concentrations and production rates of 
metabolic gasses inside active mounds. Furthermore, while the oxidation of termite-derived 
methane in Macrotermes mound material has been documented (Sugimoto et al., 1998), the 
methanotrophic microbial community composition in these environments is largely unknown. 
A recent development in the Lubumbashi region is the introduction of large-scale pivot-irrigated 
agriculture. The termite mounds in new fields are completely levelled, thus dispersing the 
accumulated nutrients contained in the fine-textured mound material. Despite the large amount 
of mound material involved (>800 m³ ha-1, based on Malaisse, 2010), the influence of this 
practice on soil fertility and crop productivity remains uninvestigated to date. 
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4.  Objectives and thesis outline 
Following the introduction in the first chapter, Chapter 2 explores the variation of soil-related 
properties inside mounds built by Macrotermes falciger. The nature of this research is 
exploratory rather than confirmative, aimed at visualizing the extent of nutrient accumulation 
inside these mounds in great detail, and reflecting on the processes that underlie it. 
To put a timeframe on these processes, a new 14C dating method to date these large termite 
mounds is presented and evaluated in Chapter 3. Additionally, an attempt is made to 
reconstruct and interpret historical mound growth rates. 
One process of particular interest is the production of methane by the termites and its 
subsequent oxidation in the mound material surrounding the nest. Chapter 4 looks at the 
production rates of methane and carbon dioxide during combined incubations of termites, 
fungus comb and mound material, to identify any possible interaction between these mound 
components. Furthermore, the methane oxidation potential of the mound material is determined 
along with its methanotrophic microbial community composition. 
Chapter 5 investigates the effect of spreading out termite mound material on the soil fertility of 
the surrounding cropland, in order to assess the agricultural potential of termite mound 
material, and establish best-management practices.  
To conclude, Chapter 6 sums up the most important findings from this PhD research, and 
presents a scope for further research.  
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Abstract  
The differing properties of termite mound material compared to the surrounding soils are well-
documented. Far less is known about their variability within the mounds themselves. Detailed 
sampling and physico-chemical analysis of four large Macrotermes mounds around Lubumbashi, 
D.R. Congo, reveals that soil-related properties are far from uniform within the mounds. The 
total variability is highest perpendicular to the mound’s surface. Based on mound morphology 
and variations in soil-related properties, four zones can be distinguished within the mounds: (i) 
the outer mantle, characterized by intense varied biological activity and by a well-developed soil 
structure; (ii) the active nest and chimney, found at the top, with the nest area as a site of 
organic matter mineralization; (iii) the accumulation zone, located in the lower central part of 
the mound, where compounds derived from the nest area are concentrated; and (iv) a transition 
zone, situated between the outer mantle and the other zones. Intermittent leaching plays a key 
role in the development of this zoning. The steep and smooth surface of the mound and the fine 
texture of the mound material limit the amount of percolating water in the rainy season. As a 
mound grows larger, this amount is no longer sufficient to leach mobile compounds to below 
ground level. At this stage of mound development, they accumulate in the lower central part of 
the structure. In view of their large size and high spatial density, a considerable part of the total 
nutrient stock of the ecosystem is likely contained within these large mounds. However, the 
benefits for chemical soil fertility obtained by spreading out termite mound material may not 
outweigh the adverse effects on the physical soil properties.  
 
Key words : Termite mounds, soil properties, nutrient cycling, miombo, DR Congo, leaching 
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1.  Introduction 
The influence of termites on the physical and chemical properties of soils has been studied 
frequently, across many different termite species and in various ecosystems (Jouquet et al., 
2011; Lee and Wood, 1971; Wilkinson et al., 2009; Wood, 1988). Mound-building termites 
received the most attention, as their conspicuous constructions have a likely impact on 
ecosystem functioning (Abe et al., 2011, 2009; Coventry et al., 1988; Dangerfield et al., 1998; 
Jouquet et al., 2011; Maduakor et al., 1995; Sileshi et al., 2010; Turner, 2006).  
Usually, higher concentrations of nutrients and organic matter are found in termite mounds than 
in the surrounding soils (Abe et al., 2011; Mills et al., 2009). This led some authors to suggest 
using mound material as a soil amendment (Batalha et al., 1995; Mamo and Wortmann, 2009; 
Tilahun et al., 2012; Watson, 1977). This is typically done without considering the variability of 
soil properties within a nest. For many species, this is of minor importance, as they build 
uniform, alveolar nests. The same cannot be said about the largest and most conspicuous 
mounds. In Africa, these are constructed predominantly by species of the Macrotermitinae 
family. Their mounds consist of distinct functional zones, and it appears some species selectively 
modify soil-related properties (Jouquet et al., 2007), which are therefore far from uniform 
within the mounds. Differences between different parts of a mound and between the mound and 
the surrounding topsoil can be explained by the termites building and foraging activity. Many of 
these species are known to bring up fine-textured subsoil material for mound construction, 
which has advantageous properties in terms of aggregate stability, permeability and water 
storage capacity (Jouquet et al., 2004, 2002a). At the same time, large amounts of dead wood and 
litter are conveyed into the centre of the mound, where it is used to cultivate exosymbiotic 
Termitomyces fungi, which assist in the decomposition of lignin. The constant temperature and 
high humidity that these fungi need, is provided through nest architecture and active regulation 
by the termites (Korb, 2000).  
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Under certain circumstances, the combined and concentrated metabolism generates a build-up 
of  mineralization end-products in the centre of the nest, shielded from plant uptake and 
leaching by the dense mound walls (Watson, 1975). Exceptionally large termite mounds (>5 m 
high, >15 m in diameter) are found in miombo woodland throughout Zambia, Angola, 
Mozambique, in the southern parts of D.R. Congo and Tanzania, as well as in northern 
Zimbabwe. The volume of subsoil-derived material contained in these mounds greatly exceeds 
that of comparable species in other parts of Africa. Pullan (1979) reviewed and elaborated on 
the work of other pioneers (Coaton, 1962; Grasse and Noirot, 1957; Malaisse, 1978) on their 
morphology, distribution, ecology and formation. The sheer size of the mounds suggests their 
age surpasses the lifespan of a single termite queen, which rarely exceeds 20 years (Keller, 
1998). Most likely, the mound’s current shape and size resulted from successive stages of 
accretion and erosion, in the course of alternating periods of mound abandonment and 
recolonization. After the demise of the residing colony, the elevated landscape position and bare 
surface of an eroding chimney apparently form a preferred site to establish a new colony. When 
this process repeats itself, each new generation adds to the work of their predecessors by taking 
up residence in a higher position. The mound grows as material that erodes from the chimney is 
deposited at the mound’s flanks and base, and is replaced by the new residents. The vegetation 
cover that develops over time stabilizes and shelters the mounds, also during periods of 
abandonment, turning them into stable and persistent landscape features (Pullan, 1979).  
Despite their size, high spatial density, and the documented accumulation of plant nutrients, the 
variability of soil-related properties within Macrotermes mounds has never been studied in 
detail. Often, these properties are assumed to be uniform within the mounds (e.g. Watson, 1977; 
Mills et al., 2009), possibly leading to unjustified extrapolations. The present study therefore 
aims to map these variations inside mounds built by Macrotermes falciger, in order to 
comprehend their genesis as well as the extent and processes of nutrient accumulation. This 
knowledge provides a basis for the assessment of the agricultural potential of termite mound 
material, which follows in Chapter 5. 
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2.  Methods  
2.1 Description of the study area 
The study was conducted in the northern part of the Lubumbashi region (Upper Katanga, D.R. 
Congo), located near Kimbeimbe village (11°33,819' S, 27°29,937' E) at 1296 m asl. The mean 
annual temperature is about 20°C. The mean annual rainfall is 1270 mm, with a rainy season 
that lasts 118 days on average, from November to March. The local vegetation is secondary 
miombo woodland that was left to recover undisturbed after the forest was cut for charcoal 
production about 30 years ago. The dominant canopy species are Brachistegia spiciformis, 
Marquesia macroura, and Julbernadia paniculata. Large conical termite mounds are found 
regularly distributed throughout the miombo, with a spatial density of 3.2 mounds ha-1, a mean 
height of 5.05 m, a mean diameter of 14.88 m, and a mean volume of 256 m³ (Malaisse, 2010). 
Macrotermes falciger is thought to be the original builder species, but currently inhabits only one 
mound out of ten in primary miombo. In the degraded woodlands of the peri-urban zone around 
Lubumbashi, the occupancy rate is even lower, depending on the level of disturbance and 
availability of food (dead wood and litter) (Mujinya et al., 2014). The mounds are conical to 
dome-shaped, whereby active and recently abandoned mounds support a pillar-shaped closed 
chimney at the centre, the height of which varies between 0.3 and 3 m. 
2.2 Mound selection and sampling 
Four mounds were sampled for this study, two of which were active. Both the active and 
abandoned mounds are represented by one large mound (~6 m high) and by one relatively 
small example (~3.5 m high). The large active mound (Lact) has an approximately conical shape, 
with a height of 6.3 m and a diameter of 13.5 m, and only a small (<0.3 m) chimney on top. A 
quarter of the mound volume was removed using a bulldozer, exposing two perpendicular faces 
that join at the central vertical axis (see Chapter 2 cover picture). In this way, a cross-section 
could be sampled in detail, while keeping the active colony relatively intact to enable sampling of 
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the mound atmosphere (see Chapter 3). Undisturbed samples of mound material were taken in a 
systematic way: every 0.5 m along the central axis, about every 1 m along a horizontal axis at a 
height of 1 m, and along three evenly-spaced diagonal axes per face, perpendicular to the 
external mound surface, at depths of 0.1, 0.3, 0.6, 1.2 and 2.2 m relative to the surface. This 
sampling strategy was preferred over grid sampling as it assures a reasonable coverage of the 
entire cross-section, while increasing the resolution in the regions expected to contain the 
largest variability, i.e. along the central axis and perpendicular to the mound surface. Not only 
was this variability morphologically evident in the field, it can also be inferred from the 
commonly invoked mechanism of mound growth, involving deposition of material that erodes 
from the chimney on top (Malaisse, 1978). The other mounds were sampled only along their 
central vertical axis (every 0.5 m), for comparison with the results for the Lact mound. The large 
and small abandoned mounds (Lab and Sab) are located within 1 km of the Lact mound. The small 
active mound (Sact) is situated in a relict patch of primary miombo (Domaine Universitaire de 
Kiswishi; Malaisse, 1985), about 13.5 km north-east of the Lact mound. The soil underneath the 
Lact, Lab, and Sab mounds was sampled using mobile core drilling equipment. A control soil profile 
was dug at a distance of 10 m from the Lact mound and sampled at depths of 0.05, 0.25, 0.5 m, 
and every 0.5 m onwards to a depth of 3 m. A detailed description of this soil profile is presented 
in Appendix 1. Five additional topsoil samples were taken from different locations at a distance 
of 10 m from the same mound. 
2.3 Laboratory procedures 
All chemical analyses were performed for the fine earth fraction (<2 mm). For the analysis of 
carbonate, total N, and total P content, this material was finely ground using a ball mill. Acidity 
was measured potentiometrically in a 1:2.5 soil to water suspension. Cation exchange capacity 
(CEC) was determined using NH4OAc (1M) at pH 7 (van Reeuwijk, 2006), combined with 
determination of exchangeable base cation concentrations (Ca2+, Mg2+, K+ and Na+) using 
inductively coupled plasma-optical emission spectroscopy (ICP-OES, 720-ES Varian). Dithionite-
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citrate-bicarbonate extractable  Fe and Mn (FeDCB, MnDCB) (Mehra and Jackson, 1960) were 
measured using ICP-OES. Total organic C content (Corg) was measured with a TOC-analyser 
(TOC-5050A, Shimadzu). The carbonate content (CaCO3 equivalent) was determined using a 
calcimeter (Eijkelkamp), which measures the volume of CO2 produced upon addition of HCl. The 
total N content (Nt) was determined along with its δ15N value (‰ to air) using an isotope ratio 
mass spectrometer (IRMS, 2020, SerCon), whereas NO3- and NH4+ content was determined in a 1 
M KCl extract (ratio 2:1) using a continuous flow auto-analyzer (Skalar, Chemlab). Total P (Pt) 
was determined by wet acid digestion (Bowman, 1988) and resin-extractable P (Pres) was 
determined using anion-exchange resin-impregnated membrane strips (Sharpley, 2009), both 
followed by ICP-OES analysis. Inorganic P fractionation as developed for calcareous soils was 
carried out for selected samples, which involved sequential extraction with 0.1 M NaOH, a 
dithionite-citrate-bicarbonate solution, and 0.5 M HCl (Zhang and Kovar, 2009), followed by 
colorimetric quantification. Soluble salts were analysed by measuring the amounts of Ca, Mg, K, 
Na, P and S in a filtered milliQ-water extract (ratio 5:1) using ICP-OES. Bulk density was 
determined using the clod method, measuring the water displacement of paraffin-coated 
undisturbed samples (20-60 g). The total clay content (<2 µm) was determined for selected 
samples using the pipette method (van Reeuwijk, 2006), after destruction of organic matter 
(H2O2 treatment) and carbonates (NaOAc treatment). Thin sections (90x120 mm) of 
undisturbed soil sampled imbedded in polyester resin were prepared according to standard 
procedures (Murphy, 1986), and analyzed according to the concepts and terminology of Stoops 
(2003). 
2.4 Interpolation and statistical analysis 
Surfer (ver. 10, Golden software) was used to generate maps of the variation of the measured 
soil-related properties inside the Lact mound as well as along the vertical profiles of the other 
mounds and the control profiles. Linear point kriging was used for interpolation algorithm 
because of its flexibility in dealing with unevenly distributed data, and its ability to predict 
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beyond the spatial extent of the sampling points. While the amount of sample points taken in the 
Lact mound (n=60) is considered to be too limited to use this method, and no specific 
interpretation of semi-variograms was performed, kriging was still preferred because of the 
superior image quality of the maps it produced. It should be noted that these figures serve only 
to visualize the measured data, and the interpolated values between sampling points are not to 
be interpreted as predictions of the true values. 
A correlation analysis was performed for the epigeal part of each mound separately. Since some 
variables were found to be not normally distributed, Spearman’s rank correlation coefficient 
was calculated using SPSS (ver. 22, IBM). The correlation matrix for the Lact mound can be found 
in Appendix 2. The same software was used to perform a categorical principal component 
analysis (catPCA) for the epigeal samples of the Lact mound. Optimal scaling was done on an 
ordinal level with equal weights attributed to all variables, that were discretized by normal 
grouping into 12 groups.  
One-way repeated measures ANOVA was applied for the 29 samples taken along the 6 axes 
perpendicular to the Lact mound’s surface. Fisher's least significant difference (LSD) was used to 
compare the mean differences between depths. Regular one-way ANOVA was then used to 
compare these with the control topsoil samples. 
3.  Results 
In this section, mound morphology is first described by its field characteristics as well as 
microscopic features (Fig. 2.1), followed by a presentation of variations in physico-chemical 
properties. The latter are illustrated in Table 2.1, with mean values for sequences perpendicular 
to the surface of the Lact mound, and by Figure 2.2, in which variations are shown for the Lact 
cross-section and for all vertical profiles. 
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3.1 Morphology 
In the field, the outermost 50 cm of the mounds (excluding the nest and chimney of the active 
mounds Lact and Sact) exhibits a well-developed granular to angular blocky structure, as well as 
an abundance of fine roots of the present vegetation cover. The abandoned mounds Lab and Sab 
lack a chimney, and traces of collapsed chambers are identified in the upper part of the mounds 
as remnants of the former nest area. The abandoned mounds are entirely covered by vegetation, 
including the top. Based on field characteristics, several zones are identified in the cross-sections 
of the sampled mounds. In the active mounds Lact and Sact, the presently occupied termite nest is 
limited to the uppermost part of the mound, between 0.1 and 2.5 m from the surface. It consists 
of horizontally elongated ellipsoidal chambers, harbouring nursery galleries and fungus comb 
chambers. A complex network of channels connects the chambers with the closed chimney on 
top of the mound, which contains numerous ventilation ducts just beneath its surface. The 
chimney walls are smooth and free of vegetation. Individual pellets of material recently 
transported by the termite workers can be discerned macroscopically for the nest and chimney. 
Pellets with a pale colour often show a clustered distribution and are recognized throughout the 
entire central column of the mound. In thin sections, the mound materials typically show a 
massive microstructure and a uniform groundmass, but individual pellets are recognizable 
where they consist of contrasting-coloured materials (Fig. 2.1a). Both in the field and in thin 
section, carbonate nodules similar to those described by Mujinya et al. (2011) are recognized 
below the active nest, and their abundance increases with depth. A high concentration of Mn 
oxides (see further) was encountered in the lower central part of the Lact mound, occurring as 
coatings and nodules at the microscopic scale, including coatings of macropores and of packing 
pores between pellets (Fig. 2.1b).  
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Figure 2.1 Microscopic features of samples of the Lact mound, taken along the central axis. (a) 
Groundmass with recognizable deformed pellets, with greyish micromass (white arrows) and with 
less contrasting composition (green arrow); also note the presence of euhedral quartz as part of the 
sand fraction (red arrow) (Lact, 50 cm above ground level). (b) Well-preserved pellet structure, with 
pervasive Mn oxide impregnation in the form of hypocoatings, which extend across undeformed 
pellets (white arrows) (Lact, 150 cm above ground level). 
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Figure 2.2 Cross-section of the Lact mound showing the interpolated (kriging) distribution of (a) organic 
carbon content, (b) cation exchange capacity, (c) pH-H2O. Individual sample locations are indicated with a + 
sign. 
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Figure 2.2 (continued). Cross-section of the Lact mound showing the interpolated distribution of (d) 
carbonate content (e) NO3-N, (f) ratio of DCB-extractable Mn and Fe. Sample locations are indicated with a 
+ sign. 
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Figure 2.2 (continued). Cross-section of the Lact mound showing the interpolated distribution of (g) 
exchangeable K (h) total P, and (i) resin-extractable P. Individual sample locations are indicated with a + sign. 
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Figure 2.2 (continued). Cross-section of the Lact mound showing the interpolated distribution of (j) 
the ratio of NO3-N to total N (k) δ15N values of the total N. Individual sample locations are indicated 
with a + sign.  
j 
k 
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Table 2.1 Variation of soil-related properties with depth from the Lact mound surface 
 
Depth from mound surface (cm) Reference soil 
(0-15 cm)           10         30  60 120  220 
pHH2O 5.06 (0.04)a 5.99 (0.41)abc 7.23 (0.32)bc 8.11 (0.10)b 7.53 (0.18)c 5.21 (0.16)a 
BD (Mg m-3)  1.62 (0.04)a 1.70 (0.02)ab 1.73 (0.04)ab 1.73 (0.02)ab 1.75 (0.06)b 1.43 / 
 
CEC (cmolc kg-1) 11.55 (0.63)ab 11.77 (0.83)a 12.45 (0.95)ab 10.31 (0.14)b 11.15 (0.17)ab 8.32 (0.73)c 
Ca2+ (cmolc kg-1) 1.67 (0.22)a 2.92 (0.61)a 4.78 (0.85)b 11.41 (1.02)c 14.21 (3.45)bc 0.12 (0.15)d 
Mg2+ (cmolc kg-1) 1.98 (0.29)a 3.34 (0.44)bc 4.23 (0.45)bc 5.47 (0.73)b 4.72 (0.37)c 0.31 (0.14)d 
K+ (cmolc kg-1) 0.82 (0.11)ab 0.78 (0.11)a 0.66 (0.09)a 1.06 (0.22)b 1.04 (0.04)b 0.47 (0.13)a 
Na+ (cmolc kg-1) 0.03 (0.00)a 0.05 (0.00)abc 0.05 (0.01)bc 0.06 (0.01)b 0.04 (0.00)c 0.01 (0.00)d 
 
Corg (%) 0.96 (0.06)a 0.71 (0.03)b 0.54 (0.03)bc 0.51 (0.07)c 0.38 (0.05)c 1.38 (0.28)d 
CaCO3 (%) 0.14 (0.04)a 0.24 (0.09)ab 0.27 (0.07)ab 1.38 (0.48)b 0.84 (0.45)ab 0.14 (0.05)a 
 
Nt (mg kg-1) 913.3 (45.2)a 764.9 (41.7)bc 676.7 (44.3)c 675.9 (69.1)c 857.5 (18.5)a 972.6 (195.3)ab 
NH4-N  (mg kg-1) 5.2 (1.45)a 2.8 (0.18)b 2.6 (0.55)b 2.1 (0.34)b 1.6 (0.14)b 6.6 (1.19)a 
NO3-N (mg kg-1) 2.9 (1.10)a 13.8 (11.31)a 33.9 (21.27)a 154.8 (57.74)ab 328.4 (41.64)b 0.7 (0.14)a 
 
Total P (mg kg-1) 277.0 (15.11)ab 250.6 (17.42)a 272.3 (13.55)ab 301.0 (26.11)bc 480.8 (77.53)c 434.1 (69.16)c 
Resin P (mg kg-1) 0.5 (0.17)a 0.8 (0.33)a 1.8 (0.67)a 7.8 (2.58)b 24.7 (2.27)c 0.6 (0.21)a 
 
FeDCB (%) 3.20 (0.06)a 3.71 (0.36)a 3.30 (0.03)a 3.18 (0.03)a 3.15 (0.07)a 3.51 (0.69)a 
MnDCB (%) 0.08 (0.01)a 0.08 (0.01)a 0.08 (0.00)a 0.09 (0.01)a 0.12 (0.01)b 0.06 (0.01)a 
Averages values per depth of samples taken along  the 6 axes perpendicular to the Lact mound surface  
(n=6, SE in parentheses). Mean values with the same letter are not significantly different (p>0.05), as determined  
by repeated-measures ANOVA. 
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3.2 Bulk density and clay content 
The bulk density of the Lact mound samples is between 1.53 and 1.93 Mg m-3, with an average 
value of 1.69 Mg m-3 (SE=0.02), the same as that of the Sact samples. In this mound, bulk density 
generally increases significantly with depth (Table 2.1), and it is higher for samples of the active 
nests and chimneys (>1.7 Mg m-3) than for those of the outermost parts of the mound (<1.7 Mg 
m-3). In the control soil, the bulk density of the surface horizon is 1.43 Mg m-3, and it decreases 
gradually to 1.31 Mg m-3 at 100 cm depth. Owing to the clod method used in this study, the 
measured values are higher than those reported by Aloni et al. (1981), who used the ring 
method. for termite mounds (1.54 Mg m-3) and for reference topsoils (1.22-1.33 Mg m-3). 
The clay content is relatively constant within each mound. Average values are 40% clay (SE=0.5) 
for Lact, 54 % (SE=0.9) for Sab, and 44% (SE=0.8) for Lab. The clay content of the Lact control 
profile increases with depth from 19% in the topsoil over 28% at 1 m depth to 33% at 2 m 
depth. 
3.3 Organic carbon     
The organic carbon (Corg) content in the Lact mound is high in the surface interval and, less 
continuously, in the lower central part of the mound (Fig. 2.2a). The pattern matches that of the 
variation in pH, as confirmed by their significant correlation (r=-0.647, p<0.001). Outliers 
correspond to the chimney structure (low Corg) and the active nest (high Corg). The same is 
recognized for the Sact mound, with low Corg concentrations for the chimney samples (300-380 
cm) and high Corg levels for the active nest below (150-250 cm). In the abandoned mounds Lab 
and Sab, the Corg content decreases with increasing depth. In the control soils, the Corg content 
decreases sharply with increasing depth at the top of the profiles.    
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3.4 Cation exchange capacity (CEC) 
The CEC in the Lact mound is elevated in the centre (22.4 cmolc kg-1) and locally in the outer 
mantle (±15 cmolc kg-1) compared to the rest of the mound (±11 cmolc kg-1). All values for 
mound samples are higher than those for the upper part of the surrounding soil (8.32 cmolc kg-1, 
SE=0.73), but values for the subsoil are variable, both within and outside the mound area (Fig. 
2.2b). In the other mounds, the CEC is high throughout both examples of small mounds, 
compared with the associated subsoil and control soil (Sab, Sact).   
3.5 Acidity 
In the Lact mound, the pH is low both in the lower central part of the mound and in a surface 
interval (ca. 0-50 cm) (Fig. 2.2c). Outside these two zones, the pH is alkaline, with values up to 8. 
For the other mounds, the vertical profiles are characterized by low pH at the surface and by 
high pH values for levels within the mound. The top of both active mounds, corresponding to the 
chimney, has a significantly higher pH (Lact: 6.85, and Sact: 7.12) than other parts of the surface 
(Lact: 5.06, SE=0.04), and it is also higher than at the top of the inactive mounds (Lab: 6.1, and Sab: 
5.46). In the control soils, the pH is slightly acidic throughout the profile.    
3.6 Carbonate content 
Variations in CaCO3eq content within the Lact mound (Fig. 2.2d) show a pattern that is similar to 
that presented by variations in pH, with the highest CaCO3eq concentrations in the zone between 
the centre and the surface interval. In the other mounds, CaCO3eq contents are at least highest in 
lower parts of the mounds, extending to levels below the epigeal part of the structure. The 
control soils are marked by an absence of carbonates. 
3.7 NO3 and NH4 
The centre of the Lact mound shows high concentrations of NO3-N (1069 mg kg-1), which 
gradually decrease outwards to values comparable to those found in the neighbouring topsoils 
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(0.7 mg kg-1, SE=0.14) (Fig. 2.2e, Table 2.1). Mound Lab displays a similar NO3 accumulation in 
the lower epigeal part (1105 mg kg-1). The same pattern is recognizable for the Sact mound, albeit 
with much lower absolute values (339 mg kg-1), whereas the Sab mound contains only a minor 
accumulation at its base (16 mg kg-1). In contrast, NH4-N concentrations in the outer part of the 
Lact mound (5.2 mg kg-1, SE= 1.45) are comparable with those of reference topsoil (6.6 mg kg-1, 
SE=1.19), and decrease significantly with depth (Table 2.1). Similar observations were made for 
all other mounds (data not shown). A soluble salt analysis of nine mound samples revealed that 
NO3 could occur predominantly as salts of Ca and Mg (Table 2.2). 
 
Table 2.2 Soluble salt composition along the vertical mound axes  
 
Height Cations (cmolc kg-1)  Anions (cmolc kg-1) 
 (cm) Ca2+ Mg2+ K+ Na+ NH4+  HPO42- SO42- NO3- 
Lact 400 2.09 2.33 0.23 0.04 0.03  0.00 0.07 4.11 
 250 3.29 2.22 0.16 0.02 0.01  0.01 0.02 6.11 
 0 3.65 1.50 0.27 0.02 0.01  0.03 0.09 4.74 
Lab 400 1.14 1.64 0.08 0.01 0.00  0.00 0.08 2.42 
 250 2.56 3.25 0.07 0.02 0.00  0.00 0.09 5.64 
 50 3.46 3.52 0.08 0.03 0.01  0.00 0.07 7.07 
Sact 250 0.19 0.16 0.12 0.03 0.00  0.00 0.03 0.36 
 50 0.87 0.94 0.07 0.39 0.00  0.01 0.05 1.59 
  0 1.26 0.81 0.08 0.22 0.00  0.00 0.03 2.09 
Lact: large active mound, Lab: large abandoned mound, Sact: small active mound 
 
3.8 DCB-extractable Mn and Fe 
The MnDCB/FeDCB ratio is highest in the central part of the Lact and Lab mounds (Fig. 2.2f), which is 
mainly due to high MnDCB contents, with fairly constant FeDCB throughout the mound. At the Lact 
site, Mn oxides are recognized as abundant black coatings in the lower central part of the mound 
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(see Fig. 2.1b), for which the high Mn content was confirmed by energy-dispersive X-ray 
spectroscopy analysis (EDS, data not shown). 
3.9 Exchangeable K+ 
The exchangeable K+ content is elevated along a wide central column in the Lact mound 
compared to lateral parts of the same structure and to the control profile, with the highest 
values for the active nest (1.94 cmolc kg-1) and around ground level (2.02 cmolc kg-1) (Fig. 2.2g). 
Its inactive counterpart (Lab) has much lower exchangeable K contents, whereas the smaller 
active mound (Sact) yields relatively high values. 
3.10 Total and resin-extractable P 
The total P (Pt) content is high in the centre of the Lact mound, extending below ground level 
(827 mg kg-1). It decreases gradually outward to values (214 mg kg-1) lower than those obtained 
for  the control topsoil (434 mg kg-1, SE=69) (Fig. 2.2h, Table 2.1). A comparable increase with 
depth, with a maximum around ground level is observed for all other mounds (Lab: 526 mg kg-1, 
Sab: 732 mg kg-1, Sact: 709 mg kg-1). The amounts of resin-extractable P (Pres) increase 
significantly with depth in the Lact mound (Table 2.1). The highest values are found around the 
centre (37 mg kg-1), excluding the low-pH central part of that zone (Fig. 2.2i). Similar patterns 
are recognized for the other mounds, with much lower maxima (Lab: 17 mg kg-1, Sab: 8 mg kg-1, 
Sact: 6 mg kg-1). Inorganic phosphorous fractionation (Zhang and Kovar, 2009) for 25 samples of 
the epigeal central vertical axis of all four mounds shows that Ca-bound P (HCl-soluble fraction) 
increases with depth and approaches or surpasses the amount of P bound to Fe and Al oxides 
(NaOH-soluble fraction) in the lower regions of all mounds (Table 2.3). 
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Table 2.3 Inorganic P fractions along the vertical mound axes 
        Lact       Lab            Sab   Sact 
Height  NaOH* DCB* HCl*  NaOH* DCB* HCl*  NaOH* DCB* HCl*  NaOH* DCB* HCl* 
(cm) 
 
(mg kg-1) 
 
(mg kg-1) 
 
(mg kg-1) 
 
(mg kg-1) 
620  12 34 18  30 29 11         
550  17 17 10  15 18 9         
450  52 79 28  9 18 26         
350  97 101 107  19 28 34      33 29 15 
250  288 61 134  22 34 49  40 52 14  33 39 23 
150  268 125 143  44 30 62  41 60 33  31 32 29 
50  361 91 191  53 58 60  81 20 20  73 52 65 
0  144 154 280  54 86 71  95 110 73  72 60 88 
Ctrl 
 
40 43 14 
 
   
 
   
 
36 39 11 
* Fractions of inorganic P, as determined for calcareous soils by sequential extraction (Zhang and Kovar, 2009). 
The NaOH-soluble fraction represents soluble P and P weakly bound to Fe- and Al-oxides, DCB-extractable P 
accounts for reductant-soluble (occluded) P, and the HCl-soluble fraction contains all P present in the form of 
calcium phosphates. 
4.  Discussion 
4.1 Mound zones 
Based on field morphology and analytical data for the Lact mound, large M. falciger mounds can 
be subdivided into four zones. The outer mantle of the mound is the outermost mound layer, 
which contains over 80% of the total root biomass of the vegetation cover (Malaisse, 1978). The 
top part of an active mound contains the active nest and associated chimney, consisting of 
material recently deposited by the residing termites. Underneath the nest, along the mound’s 
vertical axis, the accumulation zone is identified, enriched in specific compounds. In between the 
outer mantle and a central area comprising the active nest and the accumulation zone, a 
transition zone is present, with variable extent depending on the considered component.  When 
this subdivision is applied to the samples of the Lact cross-section (Fig. 2.3), the catPCA results 
indicate the nature of differences in physico-chemical properties between these zones (Fig. 2.4).  
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Figure 2.3 Positions of the Lact mound samples (n=60) and grouping into zones according to mound 
morphology 
Figure 2.4 Biplot of a categorical principal component analysis on 11 soil-related properties of 60 
samples from the Lact mound cross-section. The scale of the variable loadings has been adjusted to 
that of the objects, which are labelled according to their zone as defined in Figure 2.3 
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The applied zoning is confirmed by the clustered appearance of the samples in the biplot. The 
outer mantle samples are associated with high Corg levels, and are positioned opposite from the 
accumulation zone samples, characterized by relatively high concentrations of NO3, Pt, CEC, and 
exchangeable K. The samples representing the transition zone have the largest spread, owing to 
their intermediate values for the mentioned variables, combined with the large horizontal extent 
of CaCO3 accumulation in the mound and the associated elevated pH. It seems that the catPCA’s 
primary dimension, which explains over half of the total variability, corresponds largely with the 
perpendicular distance of each sample from the surface of the mound, which was found to be 
significantly correlated with all of the considered variables except for pH and CaCO3 (see 
Appendix 2; diagonal variable). 
The vegetation cover that stabilises the mound increases the organic carbon content in the outer 
mantle of the mound as a result of rhizodeposition and litter fall, resulting in a more developed 
soil structure and lower bulk density compared to inner parts of the mound. This type of 
A horizon development is predictably lacking along the top and chimneys of active mounds Lact 
and Sact, which contain markedly less organic carbon (Corg) than the top of their abandoned 
counterparts Lab and Sab, with continuous vegetation cover. Scattered pockets with high Corg 
content in the interior of the mounds are interpreted as remnants of past termite activity, as 
decomposition products would accumulate at (former) nest locations. Fungus combs are 
concentrations of organic material in the active nest, but these features were excluded during 
sampling. 
Because the organic carbon content of the mound material is generally low, the high CEC in some 
mound parts must originate from a larger content of high-activity clay minerals. The latter are 
available at deep subsurface levels of the underlying soil-saprolite-bedrock sequence, where 
smectite and mixed layer clay minerals are produced by alteration of parent materials 
containing chlorite, mica and talc (Oostermeyer, 2014). Evidence for the subsurface origin of the 
mound material is found in the occurrence of (non-calcareous) whitish pellets throughout the 
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mound, as a source for this type of material is only found at levels beneath ~6 m below ground 
level. Another indication is the presence of other subsoil-derived components, as observed in 
thin sections, such as euhedral quartz grains (see Fig. 2.1a) and saprolite fragments. The 
difference in CEC between different parts of the mound may be attributed to a differing source of 
building material used for that particular part of the mound. Another possible factor is direct 
interaction between termites and the soil-derived materials that they handle, which has been 
suggested to promote weathering (Jouquet et al., 2002b) and neoformation of clay minerals 
(Boyer, 1982).    
4.2 Differential leaching and accumulation of mobile compounds 
The occurrence of carbonates in Macrotermes mounds has been documented by several other 
studies and is thought to be related to CO2 produced in the active nest, combined with Ca and Mg 
from the decomposition of organic matter (Mujinya et al., 2011). The carbonates are leached 
downward from the active nest, where they precipitate. Similar observations can be made for 
mound Sab and Sact, as well as in comparable mounds sampled previously (Mujinya et al., 2013). 
The present study shows an absence of carbonates in the centre of the accumulation zone of the 
Lact mound, in a part with low pH and with high concentrations of NO3. The most likely cause for 
the local acidification therefore seems to be nitrification of termite-produced ammonium that 
leached downward from the active nest (see further).  
For carbonates to precipitate and to be unaffected by later dissolution, the amount of percolating 
rainwater must be too limited to dissolve and leach the carbonates out of the mound. Most 
rainfall in the area occurs during short, intense showers. Combined with the low hydraulic 
conductivity of the fine-textured mound material, the steep slope and smooth surface, this limits 
the amount of water that can infiltrate the mound compared to the surrounding soil. This 
phenomenon has been documented as ‘differential leaching’ (Watson, 1969) or ‘the umbrella 
effect’ (Lee and Wood, 1971), and entails the accumulation of carbonates, exchangeable base 
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cations, and soluble salts inside large termite mounds. The effect is more pronounced in low 
rainfall zones, where less water infiltrates the mounds (Watson, 1976).  
Further evidence for the differential leaching hypothesis is found in the Mn oxide features 
observed in the lower central part of the Lact mound (Fig 2.1b), and in MnDCB/FeDCB distribution 
patterns (Fig. 2.2f). As Mn oxides are reduced more readily than Fe oxides, Mn is more mobile 
relative to Fe. The resulting assumption that MnDCB/FeDCB ratios could be used as an indicator of 
throughflow on hillslopes (McDaniel et al., 1992) can also be applied to these mounds: Mn is 
leached downward in the mound, where the high pH promotes oxidation and subsequent 
precipitation. The difference in mobility causes Mn to accumulate relative to Fe, resulting in a 
MnDCB/FeDCB ratio that increases with depth (Table 2.1). Similar to the pattern for carbonates, no 
relative Mn accumulation is present in the central zone of the Lact mound, where the low pH 
prevents its oxidation. 
Perhaps the most compelling evidence in support of the differential leaching hypothesis is the 
accumulation of highly soluble NO3 salts within the mounds. The NO3 most likely originated from 
the nitrification of termite-derived NH4, which is an acidifying process. The low pH at locations 
of NO3 accumulation in the Lact mound therefore suggests that nitrification took place 
predominantly after leaching of NH4 came to a halt, and that the produced NO3 is not leached 
further down. Nitrification in the lower central part of the Lact, Lab and Sact mounds is also evident 
from the low δ15Nt values at positions with high NO3/Nt values, as a result of isotope 
fractionation during nitrification (Fig. 2.2 j and k). 
Exchangeable K contents in all mounds (except Lab) are elevated along the central column. This 
can be related to mineralisation of organic matter brought into the nest area, followed by 
leaching that is slowed down by retention of K+ by the cation exchange complex represented by 
the clay fraction. 
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Although phosphorous is usually not very mobile in finely-textured Ferralsol material, all 
studied mounds show an accumulation of total P in the lower central part (Fig. 2.2h). Unlike the 
patterns for exchangeable K, those for Pt display no maxima around the current nest position of 
the Lact mound, suggesting that P, derived from mineralization of organic matter in the nest, is 
leached downward. Phosphorous mobility is governed by pH. At low pH, phosphates bind 
strongly with Fe3+ and Al3+ in the soil solution, and with positively charged sites on iron and 
aluminium oxides, broken edges of variable-charge clays, and organic matter. The strength of 
these interactions decreases as the pH rises, though above pH 7 phosphate can precipitate in the 
form of calcium phosphates. The apparent leaching of P from the nest may be explained by the 
presence of organic anions like oxalate, found in Termitomyces spp. (Aletor, 1995; Ogundana and 
Fagade, 1982), as well as in Macrotermes mound material (Mujinya et al., 2011), and known to 
compete with phosphate for adsorption, thereby increasing the latter’s mobility (Graustein et al., 
1977). The high pH in the lower mound regions promotes P precipitation as calcium phosphates, 
as confirmed by the observed increase in Ca-bound (HCl-soluble) P with increasing depth in the 
mounds (Table 3.3). The pH-dependent behaviour of P is reflected by the patterns for resin-
extractable P (Fig. 2.2i), as the highest values are attained in the centre of the mounds, in the 
neutral pH range, where P adsorption to Al and Fe oxides is weak and where calcium phosphates 
remain fairly soluble. This finding contradicts that of López-Hernández et al. (2005), who found 
mounds built by fungus-growing termites have high P-sorbing capacities. 
The accumulation of mobile compounds is much more pronounced in the large mounds than in 
the smaller ones. Given their size, we can presume that they have been occupied by termites for 
a longer time, thus allowing mobile compounds to accumulate to a greater extent. More 
importantly however, as mound size increases, more percolating water would be needed for the 
leaching front to reach the groundwater table within the course of the rainy season. The 
differential leaching hypothesis should therefore be extended to include mound size. Once a 
mound reaches a certain size under a certain rainfall regime, any mobile compounds 
transported by the infiltrating water are no longer leached out. Instead, they accumulate around 
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the depth of the leaching front. As the mound grows, this depth remains unchanged relative to 
the mound’s surface, thus creating an accumulation zone that extends from depths below ground 
level up to the level of the current leaching front. The observed accumulation pattern for many 
of the analysed compounds may have been somewhat modified by uptake by the vegetation 
cover. As most plant roots are situated in the outer mantle, this may have enhanced the observed 
depletion of NO3, P, K, Ca, Mg, and Mn to some extent.  
4.3 Applications 
The accumulation of mobile compounds documented by this study implies that the mounds act 
as sinks and reservoirs of plant nutrients. An earlier study concluded that mounds built by 
Macrotermes bellicosus contain only a fraction of the ecosystems nutrient stocks, with values for 
mound materials representing only a small percentage of what is contained in the Ap horizon 
(e.g. 1.2% for exchangeable K+, 0.33% for total N, 0.16% for available P; Abe et al. 2011).  
However, the average volume of material contained in mounds built by M. falciger around 
Lubumbashi (819 m³ ha-1 based on Malaisse, 2010) exceeds that of those built by M. bellicosus 
studied by Abe et al. (2011) by a factor of about 135. Furthermore, as demonstrated by this 
study, the accumulation of nutrients increases once a mound reaches a certain size. A 
considerable part of the total nutrient stock of the miombo ecosystem is therefore likely 
contained within the mound materials, although no reliable estimate can yet be made. 
A recent development in the Lubumbashi region is the advent of large-scale, mechanized, 
irrigated agriculture. The termite mounds in the fields are completely levelled, thus liberating 
the accumulated nutrients they contain. This would likely improve chemical soil fertility of the 
receiving land, yet the effect is probably marginal when lime and other chemical fertilizers are 
also applied. Furthermore, the solubility of NO3 contained in the mound implies that its presence 
in the soil after the spreading of the mound material will be short-lived. On the other hand, 
levelling of termite mounds is likely to have adverse effects on physical soil properties, as the 
fine-textured mound material is rich in water-dispersible clay (Mujinya et al., 2013) and poor in 
Variation in properties within Macrotermes falciger mounds 
49 
organic matter. When this material is applied to the local soil, this may lead to slaking, resulting 
in poor aeration, hampered infiltration and limited root penetration. For subsistence farmers 
who don’t have access to chemical fertilizers, however, the nutrients contained in termite 
mounds may present an opportunity if used responsibly: Ideally, the mound material should be 
mixed thoroughly with the soil, and complemented with organic inputs to ensure optimal 
physical soil properties and nutrient retention. The pot trial and field monitoring presented in 
Chapter 5 provide a more detailed assessment of the influence of admixture of termite mound 
material on soil fertility and crop productivity. 
Lastly, a synergy could be devised with users of termite mounds as a source of clay-rich material 
for the production of bricks. The outer mantle is usually not used for this purpose because of the 
large amount of plant roots, whereas the most central part is also frequently discarded as less 
suitable, which is related to the high carbonate content (Aloni et al., 1981). These are precisely 
the parts of the mound that are most useful for agricultural purposes. Spreading out these 
materials that would otherwise go to waste may be the most optimal way to benefit from the 
presence of these large mounds.  
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Abstract  
The age of four termite mounds is determined by 14C dating the acid-insoluble organic carbon 
fraction of samples taken along the central vertical axis of two active and two abandoned 
mounds. The age sequence in the active mounds is erratic, but the results for the abandoned 
mounds show a logical increase of 14C age with depth. The calibrated ages ranges at 50 cm above 
ground level were 2335 – 2119 cal yr BP for the large abandoned mound (630 cm high), and 
796 – 684 cal yr BP for the small abandoned mound (320 cm high). Cold-water-extractable 
organic carbon measurements combined with spectroscopic analysis revealed that the lower 
parts of the active mounds may have been contaminated with recent carbon that leached from 
the active nest. Nonetheless, this method appears to provide reliable age estimates of large, 
abandoned termite mounds, which are older than previously estimated. Furthermore, historical 
mound growth rates seem to correspond to past temperature changes, suggesting a relation 
between past environmental conditions and mound occupancy. 
 
Keywords : 14C, water-extractable carbon, low-temperature combustion   
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1.  Introduction 
The Miombo woodland area of central Africa is characterized by nutrient-poor soils and a 
protein-deficient, high-carbon landscape, in which the level of mammal herbivory is generally 
low and termites are major consumers of necromass in many areas (Byers, 2001). Macrotermes 
mounds can be up to 10 m high with diameters exceeding 15 m. Large termite mounds like these 
are found throughout Zambia, Angola, Mozambique, in the southern parts of D.R. Congo and 
Tanzania, as well as in northern Zimbabwe. Their morphology, distribution, ecology, and 
formation is reviewed by Pullan (1979), summarizing and elaborating the work of other 
pioneers (Grasse and Noirot, 1957; Coaton, 1962; Malaisse, 1978). Their greatest development is 
attained on well-drained plateau surfaces covered by miombo woodland. Their occurrence 
coincides with the distribution pattern of Macrotermes falciger (Ruelle, 1970), which is thought 
to be the original builder species in the Lubumbashi area (Malaisse, 1978). The volume of soil-
derived material contained in these mounds greatly exceeds that of comparable termite species 
in other parts of Africa. The sheer size of the mounds suggests that their age surpasses the 
lifespan of a single termite queen, which rarely exceeds 20 years (Keller, 1998). Most likely, the 
mounds’ current shape and size resulted from successive stages of accretion and erosion, in the 
course of alternating periods of mound abandonment and recolonization. The concentrated 
decomposition of wood and litter in the mounds over extended periods of time has led to the 
accumulation of carbonates, nitrogen, phosphorus and exchangeable cations in the mound 
material (see Chapter 2; Mujinya et al., 2011). These large mounds thus represent “nutrient hot 
spots” that are characterized by a different vegetation composition and structure (Frost, 1996), 
which in turn concentrates herbivore activity around the mounds (Fleming and Loveridge, 2003; 
Loveridge and Moe, 2004).  
Despite their size, wide-spread distribution, and ecological significance, the age of these large 
mounds remains unknown. Watson (1967) was the only one to present a reliable minimum age 
estimate (±700 yr), for a mound built by M. falciger on an ancient burial ground, obtained 
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through radiocarbon dating of skeletal material found inside the mound. The oldest assumed 
termite-built structures are the Heuweltjies of South-Africa, estimated to be at least 4000 years 
based on the 14C age of calcrete that developed within the hillocks (Moore and Picker, 1991), but 
the termite origin of these structures has been questioned in studies attributing their formation 
to differential erosion (Cramer et al., 2012) and aeolian sediment accretion (McAuliffe et al., 
2014). Comparable earth mounds in Brazil have also been attributed to erosion rather than 
termite activity (Silva et al., 2010). The mounds investigated for the present study are 
unquestionably termite-built structures and therefore suitable to derive age information on 
termite mound formation and stability. This was done by 14C dating of acid-insoluble organic 
matter from samples taken along the central vertical axis of mounds built by M. falciger. 
Contrary to the indirect dating methods used by Watson (1967), and Moore and Picker (1991), 
this direct method is more widely applicable, and allows reconstruction of historical mound 
growth rates. The aim is to help understand the conditions and mechanisms of mound formation 
as well as to derive a time-frame for the process of nutrient accumulation documented inside 
(see Chapter 2). 
2.  Material and methods  
2.1 Description of the study area 
The study was conducted in the northern part of the Lubumbashi region (Upper Katanga, D.R. 
Congo), located near Kimbeimbe village (11°33,819' S, 27°29,937' E) at 1296 m asl. The mean 
annual temperature is about 20°C; the coolest month is July (15.6°C), and the warmest October 
(23°C). The mean annual rainfall is 1270 mm, with a rainy season that lasts 118 days on average, 
from November to March. The local vegetation is secondary miombo woodland that was left to 
recover undisturbed after the forest was cut for charcoal production about 30 years ago. Large 
conical termite mounds are found regularly distributed throughout the miombo, with a spatial 
density of 3.2 mounds ha-1, and with 5.05 m mean height, 14.88 m mean diameter, and 256 m³ 
mean volume (Malaisse, 2010). Macrotermes falciger is thought to be the original builder species 
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in this region, but it currently inhabits only one mound out of ten in primary miombo. In the 
degraded woodlands of the peri-urban zone around Lubumbashi, the occupancy rate is even 
lower, depending on the level of disturbance and food availability (Mujinya et al., 2014). Only the 
top part of active mounds is inhabited by M. falciger. The mounds are conical to dome-shaped, 
whereby active and recently abandoned mounds support a pillar-shaped closed chimney at the 
centre, the height of which varies between 0.3 and 3 m. 
2.2 Mound selection and sampling 
Four mounds were sampled for this study, two of which were active. Both the active and 
abandoned mounds are represented by one large mound (±6 m high) and by one relatively small 
example (±3.5 m high). The abandoned mounds appeared to be deserted for a considerable time, 
as no signs of the former chimney were apparent, and vegetation completely covered the 
mounds. A quarter to one half of the mound mass of all mounds was removed using a bulldozer, 
exposing their central vertical axis for sampling. Samples of mound material were taken along 
this axis every 50 cm from ground level up to the top of every mound. 
2.3 Radiocarbon dating 
Samples were pre-treated in order to remove any carbonates and soluble organic compounds 
prior to graphitization. This was done by extraction (acid:sample ratio 10:1) with 0.275 M HCl at 
90°C, after stirring occasionally during one hour, followed by washing with ultrapure water. Pre-
treated samples were transferred into quartz tubes with CuO and Ag and combusted to CO2 at 
400°C. Graphitization of CO2 was carried out using H2 over a Fe catalyst. Targets were prepared 
at the Royal Institute for Cultural Heritage (RICH) in Brussels, Belgium (Van Strydonck and Van 
der Borg, 1991) and 14C concentrations were measured with Accelerated Mass Spectrometry 
(AMS) at RICH (Boudin et al., in prep.) and at the Leibniz Labor für Altersbestimmung und 
Isotopenforschung (KIA) in Kiel, Germany (Nadeau et al., 1998). The 14C results are expressed in 
pMC (percentage modern carbon) and indicate the percentage of modern (1950) carbon 
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corrected for fractionation using the measured δ13C values. Calibrations of 14C dates and χ2-test 
(weighted mean) calculations were performed using the OxCal 4.2.3 software (Bronk Ramsey, 
2013) and the SHCal13 calibration curve data (Hogg et al., 2013). 14C dates for samples with a 
pMC > 100% were calibrated using the Bomb13SH3 calibration curve (Hua et al., 2013). 
Calibrated ages are reported as a 95.4% probability range in calibrated years before present (cal 
yr BP), where “present” refers to AD 1950. 
2.4 Total and cold-water-extractable organic carbon  
The total organic carbon (Corg) content of the air-dried fine-earth fraction (<2 mm) was 
measured by TOC analysis (Shimadzu SSM-5000A coupled with TOC-5050A, Japan). Cold-water 
extracts were prepared by shaking 10 g of sample with 20 ml ultrapure water for 10 min at 20°C, 
after which samples were centrifuged (10 min at 2400 rpm) and the aliquots were passed 
through 0.45 µ membrane filters. The dissolved organic carbon in the extracts was measured 
using TOC analysis (Shimadzu TOC-5050A, Japan), and expressed as cold-water-extractable 
organic carbon (CWEOC) in mg kg-1 soil. 
2.5 UV-VIS spectroscopy 
As a measure of its aromaticity, the specific UV absorbance at 280 nm (SUVA280) of the cold-
water-extractable organic carbon was determined by normalizing the absorbance (m-1) of the 
cold-water extracts for their carbon concentration (mg L-1). The absorbance was measured using 
a UV-VIS spectrophotometer (Shimadzu UV 1205, Japan).  
3.  Results and discussion 
3.1 Methodology  justification 
Estimating the mound age by radiocarbon dating the organic matter of the central vertical 
mound axis is justified by the commonly invoked mechanism of mound growth, involving 
recolonization of abandoned mounds (Malaisse, 1978; Pullan, 1979): After the demise of the 
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residing colony, the elevated landscape position provided by the bare surface of the eroding 
mound apparently presents it as a preferred site to establish a new colony. When this process 
repeats itself, each new generation adds to the work of their predecessors by taking up 
residence in a higher position. The mound grows as material that erodes from the chimney is 
deposited along the mound flanks and base, and is replaced by the new residents. The vegetation 
cover that develops over time stabilizes and shelters the mounds, also during periods of 
abandonment, turning them into stable and persistent landscape features. This mound growth 
mechanism implies that the central column of the mounds includes a series of remains of the 
nests of consecutive generations of termites. As these termites convey large amounts of dead 
wood and litter into their nests, decomposition products accumulate at (former) nest locations, 
leading to pockets with high organic carbon content along their vertical central axis (see 
Chapter 2). In the absence of identifiable macroscopic plant remains in the mounds, dispersed 
organic matter, assumedly resulting from termite activity, is the only possible material that can 
be used to date the mounds. The age of this material will predate the termite colony that 
produced it, since these termites feed predominantly on dead wood, which may have a wide age 
range. 
Radiocarbon dating of sediments is notoriously difficult, due to common contamination with 
younger materials as a result of rooting and bioturbation, as well as by percolation of mobile 
organic substances (Wang et al., 1996; Mayer et al., 2008; Brock et al., 2010). Using the 
radiocarbon age of the organic matter along the mound’s central vertical axis as a proxy for the 
age of the consecutive growth stages is therefore based on two assumptions: (i) the carbon 
already present in the material used for mound construction is negligible or can be excluded 
from the graphitization process, and (ii) contamination of the older mound parts by fresh 
organic matter is precluded. The first assumption is met, as the material used for mound 
construction originates from a depth of several meters (Watson, 1967), and therefore contains 
very little organic matter, which is assumedly old and stable. Using low-temperature (400°C) 
combustion of the samples theoretically excludes this old, clay-bound carbon from the 
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graphitization process (McGeehin et al., 2001). The second assumption follows from the absence 
of roots in the active nest and deeper mound parts, and the expectedly low mobility of organic 
matter under the conditions existing inside the mounds (neutral to alkaline pH, fine texture, high 
content of iron oxides, and limited leaching; see Chapter 2). However, contamination by younger 
allochthonous organic matter introduced by deep tree roots, windfalls, or burrowing animals 
can never be completely excluded, even in the absence of morphological evidence of this kind of 
disturbance. 
Radiocarbon dating of sediments often targets the humin fraction, obtained after removal of the 
humic acid and fulvic acid fractions by pre-treatment of the samples with sequential acid-
alkaline-acid (AAA) extractions. This is thought to minimize possible contamination with 
younger (mobile) organic carbon. However, sediment core chronologies usually target the acid-
insoluble organic matter (AIOM) fraction (Rosenheim et al., 2013). For this study, the AIOM was 
used for 14C dating, because the humic acid fraction was not thought to be very mobile in the 
mounds, and also for the practical reason that AAA pre-treatment was found to remove between 
80 and 90% of the already limited amount of organic matter in the mound samples. 
3.2 Radiocarbon ages 
The calibrated age ranges of the samples taken along the central vertical axis of the small 
mounds can be found in Table 3.1, followed by results for the large mounds in Table 3.2. The 
calibrated age distributions for the individual mounds are presented in Figures 3.1 to 3.4. 
Figure 5 shows the comparative age ranges of the large mounds, along with the results of 
CWEOC analysis. 
As the large abandoned mound (Lab, Fig. 3.1) has no apical chimney, the top sample contains 
mostly modern carbon from the vegetation that recently colonized the mound after the chimney 
eroded. At the presumed position of the last active nest (550 cm), modern carbon is found as 
well, after which the age increases with depth to the age of 2335 – 2119 cal yr BP at 50 cm above 
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ground level. The small abandoned mound (Sab, Fig. 3.2), like the Lab mound, shows an increase 
of age with depth, reaching a maximum age of 796 – 684 cal yr BP at 50 cm above ground level.  
Table 3.1 pMC and calibrated age ranges along the central axes of the small mounds Sact and Sab 
   Sact 
     Sab 
height  Lab nr Corg pMC age range (95.4%)     Lab nr Corg pMC age range (95.4%) 
(cm)  (RICH) (%) (%) (cal yr BP*)  (RICH) (%) (%) (cal yr BP*) 
350  20951 0.58 96.28 ± 0.36 448  –  156  20935 3.63 112.68 ± 0.40 -8  –  -6 
250  20975 1.28 103.30 ± 0.38 -6  –  -7  20938 1.17 94.55 ± 0.35 516  –  333 
150  20974 0.84 101.50 ± 0.37 -6  –  -6  20949 0.75 91.27 ± 0.34 678  –  564 
100  20950 0.62 95.75 ± 0.36 458  –  303  20936 0.95 90.46 ± 0.34 732  –  662 
50  20952 0.96 96.38 ± 0.36 445  –  154  20937 0.79 89.55 ± 0.33 796  –  684 
*Age ranges were calibrated using the OxCal 4.2.3 software (Bronk Ramsey, 2013) and the SHCal13 calibration curve (Hogg 
et al., 2013), or (when pMC > 100%) the Bomb13SH3 calibration curve (Hua et al., 2013). Age ranges are expressed in 
calibrated years before present (cal yr BP), where present refers to AD 1950 
 
Table 3.2 pMC, calibrated age ranges , and cold-water-extractable organic carbon analyses along the 
central axes of the large mounds Lact and Lab 
Mound Lab nr height Corg pMC age range (95.4%) CWEOC SUVA280 
  (cm) (%) (%) (cal yr BP*) (mg kg-1) (L mg-1m-1) 
Lact KIA 48921 620 0.53 96.62 ± 0.32 436  –  151 83.98 0.17 
 KIA 48923 600 0.76 96.71 ± 0.33 425  –  150 86.42 0.17 
 KIA 48922 550 0.72 100.51 ± 0.32 -1  –  -9 103.18 0.06 
 KIA 48927 450 0.58 94.38 ± 0.33 522  –  340 68.39 0.11 
 KIA 48925 350 0.52 93.92 ± 0.32 539  –  491 91.48 0.35 
 RICH 20268 300 0.37 89.97 ± 0.34 766  –  675 75.37 0.43 
 KIA 48929 250 0.69 90.22 ± 0.30 736  –  670 71.81 0.83 
 RICH 20284 200 0.71 92.50 ± 0.35 645  –  532 103.62 0.61 
 KIA 48926 150 0.52 93.00 ± 0.31 625  –  514 100.18 0.24 
 KIA 48924 50 0.62 94.61 ± 0.32 511  –  334 164.74 0.43 
         
Lab RICH 20297 630 1.38 106.86 ± 39   -7  –  -59 96.39 0.29 
 RICH 20296 550 0.76 101.91 ± 39 -6  –  -6 81.24 0.23 
 RICH 20286 450 0.42 93.83 ± 35 541  –  493 50.53 0.34 
 RICH 20267 350 0.45 90.83 ± 34 726  –  573 56.08 0.54 
 RICH 20269 250 0.33 87.96 ± 34 956  –  802 62.04 0.24 
 RICH 20285 150 0.27 81.34 ± 33 1580  –  1420 39.82 0.53 
 RICH 20297 50 0.29 75.56 ± 31 2335  –  2119 34.62 1.43 
*Age ranges were calibrated using the OxCal 4.2.3 software (Bronk Ramsey, 2013) and the SHCal13 calibration curve (Hogg 
et al., 2013), or (when pMC > 100%) the Bomb13SH3 calibration curve (Hua et al., 2013). Age ranges are expressed in 
calibrated years before present (cal yr BP), where present refers to AD 1950 
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Figure 3.1 Calibrated age ranges of the samples taken along the central vertical axis of the large 
abandoned (Lab) mound. The brackets below indicate probability ranges of 68.3% (upper brackets) 
and 95.4% (lower brackets) 
 
 
Figure 3.2 Calibrated age ranges of the samples taken along the central vertical axis of the small 
abandoned (Sab) mound. The brackets below indicate probability ranges of 68.3% (upper brackets) 
and 95.4% (lower brackets) 
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Figure 3.3 Calibrated age ranges of the samples taken along the central vertical axis of the small 
active (Sact) mound. Probability ranges of 68.3% and 95.4% are indicated below 
Figure 3.4 Calibrated age ranges of the samples taken along the central vertical axis of the large 
active mound (Lact). Probability ranges of 68.3% and 95.4% are indicated below 
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The small active mound (Sact, Fig. 3.3) contains modern carbon at its nest position (150-250 cm). 
The samples below the nest are older, but due to the broad calibrated age ranges, an increase of 
age with depth beneath the active nest is not evident for this mound. The age of its chimney (350 
cm) is somewhat older, as it did not receive fresh input of organic matter. The similar age of the 
samples beneath the active nest (50 and 100 cm) suggests that the chimney was constructed 
with material derived from the excavation of the current nest, possibly mixed with subsoil 
material.  
The upper part of the large active mound (Lact, Fig. 3.4) confirms this pattern, with the youngest 
carbon again found at the active nest location (550 cm), while the samples from the chimney 
(600 and 620 cm) are older. The carbon in the chimney originated from older mound parts, as 
well as from vegetation that may have colonized the top of the mound. Underneath the nest of 
the Lact mound, the age increases with depth, up to the maximum age of 766 – 675 cal yr BP at a 
height of 300 cm, after which it gradually decreases again to the age of 511 – 334 cal yr BP just 
above ground level. This unexpected decrease with depth in the lower part of the Lact mound 
contradicts the hypothesis that the central vertical axis of the mounds includes the stacked-up 
remains of the nests of consecutive generations of termites. There is no clear reason for the 
resident termites to actively convey organic matter ever deeper into the inactive centre of their 
mound, nor were any other local sources of more recent carbon encountered during sampling. 
However, contamination by allochthonous organic matter introduced by deep tree roots, 
windfalls, or burrowing animals can never be completely excluded. Another plausible option is 
to consider the possibility of leaching of modern carbon from the active nest, even though this 
was assumed to be negligible. 
3.3 Influence of organic carbon leaching 
While both abandoned mounds show an increase of age with depth, this expected age pattern is 
disturbed in both active mounds. This raises the question whether the presence of an active nest 
can influence the age of the underlying samples. The limited mobility of organic matter in the 
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mounds, and removal of water-soluble carbon during sample pre-treatment should preclude 
this. However, it is not inconceivable that a limited amount of small organic molecules resulting 
from recent decomposition in the active nest was leached downward and was partly adsorbed to 
the mineral phase. This contamination with younger carbon would then not be completely 
removed by the applied pre-treatment, and would influence the measured 14C age. To verify a 
difference in carbon mobility, and hence potential contamination, between the large active and 
abandoned mounds, the cold-water-extractable organic carbon (CWEOC) content was 
determined for all the dated samples of the two large mounds (Table 3.2; Fig. 3.5). Cold water 
was used for extraction to mimic the leaching process in the mounds. Overall, the CWEOC values 
for the mound samples are high compared to those reported for soils (Corvasce et al., 2006). 
This may be a result of the concentrated mineralization of organic matter in the active nest 
(Kalbitz et al., 2000), combined with limited leaching inside the mounds. The CWEOC content in 
the abandoned mound (Lab) deceases with depth, similar to patterns observed for soil profiles 
(Corvasce et al., 2006). On the other hand, an increase of CWEOC with depth is evident in the 
lower part of the active mound (Lact), coinciding with the decrease in age in that part of the 
mound (Fig. 3.5).  
When comparing the specific absorbance at 280 nm (SUVA280) of CWEOC at similar heights in 
the mounds, values are lower in the Lab mound compared to the Lact mound. Using SUVA280 as a 
proxy for CWEOC aromaticity (Traina et al., 1990; Chin et al., 1994; Kalbitz, Schwesig, et al., 
2003), CWEOC in the Lact mound is found to be less aromatic than that occurring in the Lab 
mound. As more complex organic molecules are increasingly adsorbed to the mineral phase 
(Kalbitz, 2001), the CWEOC in the Lact mound can be considered to be more mobile than that in 
the Lab mound. Furthermore, less aromatic carbon is also less resistant to decomposition 
(Kalbitz, Schmerwitz, et al., 2003). 
Chapter 3 
68 
 
  
Figure 3.5 Comparative graphs of the calibrated age ranges (95.4%) of all mounds, and cold-water-
extractable organic carbon (CWEOC) with its specific UV absorbance (SUVA280) along the central axes 
of the large mounds 
 
The active mound (Lact) contains more CWEOC, of a type that is less complex and therefore more 
mobile compared to the CWEOC found in the abandoned mound (Lab). It is plausible that CWEOC 
found in the Lact mound, with higher concentrations than in the Lab mound, originated from the 
active nest. Some of the recently leached carbon was probably not removed by the pre-
treatment and influenced the age measurement. As the most mobile organic compounds are also 
the most susceptible to microbial decomposition, much of the carbon that leaches downward 
from the active nest will be mineralized within a relatively short period of time. Hence, the 
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proportion of leached carbon will diminish over time after the demise of the colony, while no 
new carbon is added. This might explain why a consistent increase of age with depth is found in 
the abandoned mounds, whereas the age sequence in the active mounds is not chronological. 
Another reason why carbon leaching may have such an influence on the measured age in the 
active mounds is mound activity in the post-bomb age. Nuclear weapons testing in the second 
half of the 20th century increased levels of 14C in the atmosphere and vegetation ever since. 
Contamination of deeper mound samples with this modern carbon would have a much larger 
influence on the measured age compared to a similar contamination with pre-bomb carbon. The 
influence of carbon leaching on the 14C ages of the samples below is therefore likely more 
pronounced in currently (or recently) active mounds. Judging from the vegetation and advanced 
A-horizon development on top of both abandoned mounds, their desertion is assumed to 
predate the bomb effect. 
In addition to discussing contamination as explanation for aberrant age-depth results, it should 
also be considered that a positive correlation exists between CWEOC content and 14C age for the 
full data set. This relationship suggests that CWEOC and SUVA280 values are largely determined 
by a change in the nature of this organic fraction with time, by degradation, without affecting the 
age of the dated material. 
3.4 Mound growth rates as a temperature proxy 
The distribution pattern of Macrotermes mounds in the study area is regular, which typically 
results from intraspecific competition between neighbouring colonies (Mujinya et al., 2014). 
This suggests that these mounds, which currently have low occupancy rates, were once active at 
the same time, during a period with more conducive climatic conditions (Mujinya et al., 2014). 
Local late-Quaternary climate history is not documented by records for sites within the miombo 
eco-region, but information can be drawn from studies for the nearest localities that are 
Chapter 3 
70 
considered in regional reviews (e.g. Nicholson et al., 2013), particularly Lake Tanganyika 
(Tierney et al., 2010). 
Since Macrotermes falciger is predominantly a woodland species (Ruelle, 1970), a warm humid 
climate, with an extensive tree cover, would create conditions with great food availability. 
However, temperature itself may well be the most influential factor controlling M. falciger 
population densities. The ventilation mechanism of closed dome-shaped mounds built by 
woodland-dwelling Macrotermes species like M. falciger is internally driven, which implies a 
trade-off between gas-exchange and thermoregulation (Korb, 1999). The thick walls, closed 
chimney, and low surface area of these mounds serve to minimize loss of metabolic heat, as a 
constant temperature of ±30°C is required for fungus cultivation. Lower ambient temperatures 
would allow for less gas-exchange while maintaining suboptimal nest temperatures, resulting in 
lower metabolic rates and therefore reduced reproductive success (Korb and Linsenmair, 1999; 
Korb, 2000). The geographical distribution of Macrotermes falciger may therefore be limited by 
annual average temperatures, which has already been documented for M. bellicosus and M. 
subhyalinus in Uganda (Pomeroy, 1978). Similarly, temperature variation over time may affect 
historical population densities and thus occupancy rates, which would in turn be reflected by 
mound growth rates. 
In the present study, results for the abandoned mounds Lab and Sab are consistent, with high 
growth rates between ca. 800 and 500 cal yr BP, followed by a long inactive period that 
continues to the present. The Lact mound profile can be interpreted as recording a stage with fast 
growth rates around 500 cal yr BP, based on dates for the 350 and 450 cm samples. A period 
with high termite mound growth rates around 800-500 cal yr BP can be matched with a warm 
period recognized for Lake Tanganyika (850-550 cal yr BP), based on the TEX86 proxy for lake 
surface temperature (Fig. 3.6; Tierney et al., 2010). This warm stage is considered to correspond 
to the globally recognized Medieval Climate Anomaly (MCA), occurring at a somewhat later time 
in these and other parts of the tropics than in temperate regions (Nicholson et al., 2013). The 
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Lake Tanganyika record shows that this period ended with an abrupt temperature decrease 
around 550 cal yr BP, followed by a stage with variable temperatures that were lower than 
during the MCA (Tierney et al., 2010). During this stage, the African equivalent of the Little Ice 
Age period, which ended around AD 1850, little or no termite mound development took place. 
Similarly, apparent slow growth of the Lab mound prior to ±800 cal yr BP concurs with low 
TEX86-based lake temperatures for Lake Tanganyika at that time. As no other mound age profile 
extends that far, this relation remains unconfirmed. If more mounds would be dated in the same 
fashion, and the data prove consistent, the age profiles themselves may provide insight into past 
environmental conditions, as well as provide further evidence and age constraints for a period 
when all mounds were active simultaneously.   
 
Figure 3.6 Reconstructed mean annual temperature estimates from TEX86 organic biomarker records 
from Lake Tanganyika (Tierney et al., 2010) and Lake Malawi (modified from Nicholson et al., 2013). 
The period of high termite mound growth rate (500-800 cal yr BP) is highlighted in grey 
 
500-800 cal yr BP 
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4.  Conclusions 
The radiocarbon age of the acid-insoluble organic matter along the central vertical axis of large 
abandoned termite mounds increases with depth. In currently active mounds however, leaching 
of more recent carbon appears to influence the age measurements of lower mound parts. When 
using this methodology, it is therefore advisable to select mounds that appear to have been 
abandoned for a long time. This ensures much of the recently leached carbon will have 
mineralized, and precludes contamination with post-bomb carbon. However, contamination by 
younger allochthonous organic matter introduced by deep tree roots, windfalls, or burrowing 
animals can never be completely excluded. Taking multiple samples along the central axis 
enables verifying the expected increase of age with depth before accepting the bottom 
measurement as a valid mound age estimate. Furthermore, historical mound growth rates 
inferred from the age profiles may provide information about past environmental conditions, as 
temperature variation may affect population density. 
The smaller abandoned mound in this study may be at least 750 years old, whereas the large 
abandoned mound may be over 2200 years old. Since contamination by younger organic matter 
cannot be ruled out completely, and the age of the woody material the termites feed on is 
variable, it is hard to verify the accuracy of these estimates. Nonetheless, some of these mounds 
appear to be much older than previously estimated (Watson, 1967). As the termite origin of the 
4000 year-old South-African Heuweltjies is contested (Cramer et al., 2012; McAuliffe et al., 2014), 
the mounds in this study may well be the oldest termite structures ever dated, excluding entirely 
inactive fossil examples (e.g. Bordy et al., 2004; Darlington, 2005; Duringer et al., 2006) 
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Abstract 
Termite-derived methane contributes 3-4% to the total global methane input to the atmosphere. 
However, in vitro production rates of metabolic gasses may differ substantially from those in 
situ. Measured production rates of combined incubation of termites, fungus comb, and mound 
material differed from those predicted from individual incubation of each of these mound 
components. This suggests that interactions between mound components influence the 
production rates of carbon dioxide and methane.  
One of these interactions is methane oxidation inside termite mound material. Termites are not 
known to harbour methane-oxidizing microorganism (methanotrophs), but methane produced 
can to a large extent be consumed by methanotrophs that inhabit the mound. Despite its 
potential importance, methanotroph ecology is virtually unknown for these environments. The 
potential for methane oxidation was determined using slurry incubations at high methane levels 
(12 vol.%) and at in situ (~ 0.004%) methane concentrations, along vertical profiles through the 
centre of termite mounds, as well as for reference topsoils. The mound material showed higher 
activity than the control soil. The methanotroph community composition was determined by 
means of a pmoA-based diagnostic microarray analysis. Although the methanotrophs in the 
mound were seeded from the reference soil, it appears that termite activity selects for a distinct 
methanotroph community. Applying an indicator species analysis revealed that putative 
atmospheric methane-oxidizers (high indicator value probes specific for JR3 cluster) were 
indicative for the active nest area, whereas methanotrophs belonging to both type I and type II 
were indicative for the reference soil. It appears that termites modify their environment to allow 
higher methane oxidation, and that they select and/or enrich for a distinct methanotroph 
population. 
Keywords: methanotrophs, termite mound, pmoA, high-affinity methane oxidation.  
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1.  Introduction 
Termites are net methane producers, contributing around 20 Tg CH4 per year to the total 
amount of methane that enters the atmosphere (500-600 Tg CH4 per year; IPCC, 2007). Emission 
of termite-derived methane is determined by the balance between methane production in the 
termite gut and methane oxidation. Considering that methane-oxidizing microorganisms 
(methanotrophs) have not yet been detected in the gut of termites (Pester et al., 2007), any 
oxidation of emitted methane must take place within the mound structure, as suggested by 
reports of complete oxidation of termite-derived methane in Macrotermes mounds (Sugimoto et 
al., 1998). Methanotrophs inhabiting the mound material limit the amount of methane emitted 
from the colony, but despite their importance the methanotrophic community in these 
environments is largely unknown. 
Canonical methanotrophs requiring oxygen can be differentiated into type I 
(Gammaproteobacteria) and type II (Alphaproteobacteria) based on the pmoA gene phylogeny 
(Bodrossy et al., 2003; Lüke and Frenzel, 2011). Type I methanotrophs include 15 genera to 
date, whereas type II comprises only Methylocystis and Methylosinus. Methylocella and 
Methylocapsa are alphaproteobacterial methanotrophs, belonging to the Family Beijerinckiaceae. 
The physiology, biochemistry, and phylogeny of type I and type II methanotrophs have been 
reviewed by Trotsenko and Murrell (2008)and Semrau et al. (2010). Furthermore, physiological 
characteristics of type I and type II methanotrophs have been correlated to their life strategies 
(Ho, Kerckhof, et al., 2013). Methane monooxygenase (MMO) is the key enzyme in methane 
oxidation, existing as a soluble (sMMO) and particulate (pMMO) form. The pmoA and mmoX 
genes encode for subunits of the pMMO and sMMO enzymes, respectively, and have been used to 
examine methanotroph diversity in culture-independent studies (McDonald et al., 2008; Liebner 
and Svenning, 2013). Some methanotrophs have a particularly high affinity for methane and can 
oxidize methane at low (≤ 40 ppmv) to atmospheric (1.7 ppmv) concentrations (Bender and 
Conrad, 1994; Knief et al., 2003; Kolb et al., 2005; Baani and Liesack, 2008). Besides a few 
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cultivated Methylocystis spp., there is a plentitude of phylogenetically distinct pmoA sequences 
typically retrieved from forest, grassland, and meadow soils that have been associated to 
atmospheric methane oxidation (Horz et al., 2005; Kolb, 2009; Shrestha et al., 2012). The 
respective methanotrophs have so far remained resistant to isolation, but the pmoA sequences 
form clusters that can be affiliated with type I (Upland Soil Clusters: USCγ, JR2, and JR3), type II 
(USCα, RA14, and JR1), and a cluster positioned between characterized methane- and 
ammonium-monooxygenases (RA21).  
In earlier studies of termite-derived methane emission, the total gas flux from termite mounds 
was determined assuming that the nature and intensity of microbe-mediated processes are 
uniform throughout the mound (Macdonald et al., 1998; Jamali et al., 2011, 2013). However, the 
concentrated termite activity in the nest area may modify the immediate mound environment, 
thus creating different habitats within a mound. These modifications may have an adverse or 
stimulatory effect on microbial processes. Furthermore, for many fungus-growing termite 
mounds, in situ gas flux measurement is made challenging by the mound dimensions (diameter: 
~18 m; height: ~5 m). In this study, the response of methane oxidation to termite activity is 
investigated along a vertical profile through a termite (Macrotermes falciger) mound covering its 
base, active nest area and chimney in order to determine the sites with potential 
methanotrophic activity. In the assumption that termite activity leaves an imprint on 
methanotrophic community composition, pmoA-based diagnostic microarray analyses were 
used to determine this composition for the active nest area and for the adjacent topsoil which 
serves as a reference site. 
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2.  Material and methods 
2.1 Description of study area  
The study area is located in the vicinity of Lubumbashi, Katanga Province, Democratic Republic 
of the Congo. The area is part of the miombo eco-region (WWF, 2012). The average density of 
M. falciger mounds in the region is around 3 mounds ha-1, with heights that are commonly in 
excess of 5 m and diameters of more than 15 m, covering approximately 5% of the total land 
surface. The primary vegetation of the region is miombo woodland. The rainfall distribution is 
unimodal, with the highest rainfall between November and March, and with 1270 mm annual 
mean precipitation (Malaisse, 2010). The in situ nest temperature in this type of mounds is 
typically 27°C to 30°C (Korb, 2003a). 
2.2 Sampling procedure 
Mound materials were sampled in June 2011 for two active M. falciger mounds, one large (Lact, 
6 m height), and one smaller specimen (Sact, 3,5 m height). The physico-chemical properties of 
these mounds have been documented in Chapter 2. The mounds were partially destroyed to 
sample a vertical profile through chimney and nest, and left to recover for three months. Topsoil 
sampled approximately 10 m from the mound served as a reference. Mound material was air-
dried, sieved at 2 mm, and stored at room temperature. In situ gas was sampled from different 
parts of the vertical profile (Table 4.2) in Oct 2011, which involved drilling holes to insert plastic 
tubes (diameter: 7 mm) fitted with synthetic mesh filters at the end. The tube was connected to a 
60 ml syringe and a needle via a three-way valve acting as sampling port (see Chapter 4 cover 
picture). After inserting the tube, the hole was sealed with wet mound material, followed by 
evacuation of gas from the tube using the syringe. This set-up was left to equilibrate for one hour 
before sampling, after which gas samples were taken in triplicate, in pre-evacuated 12 ml gas-
tight glass vials, topped with a butyl rubber stopper.  
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2.3 Incubation of mound components 
An incubation experiment was performed in triplicate in Lubumbashi using mound material (M), 
fungus combs (F, Termitomyces microcarpus), and worker termites (T).  All components were 
collected from the Lact mound. Minor and major workers were added in the ratio found in situ for 
this species (Malaisse, 2010). To measure metabolic gas production by individual and combined 
nest components, fixed quantities (fresh weight) of all components were added to 260 ml serum 
vials as outlined in Table 4.1. The weight ratio of the different components approximates the one 
found in situ (Malaisse, 2010). In all runs, a moist filter paper was placed at the bottom of the 
serum bottle to increase humidity. Prior to incubation, ambient air was sampled for reference, 
the headspace was flushed, and the bottle was topped with a Teflon-coated rubber stopper. The 
bottles were incubated statically at 28°C in the dark. Changes in gaseous methane and carbon 
dioxide concentrations were monitored over a 16 h period. Gas was collected (volume: 13 ml) 
into pre-evacuated glass vials and transported to the lab (Ghent University, Belgium). After the 
experiment the termites, fungus comb, and mound material were oven dried (50 °C) overnight 
and weighed again. Linear regression was used to calculate production rates of CO2 and CH4 for 
individual mound components (Fig. 4.1) 
 
Table 4.1 Fresh weights (mg) of nest components for all incubation treatments 
 
component Treatment 
 T F M TF TFM 
Termites 1500   400 400 
Fungus Comb  2000  1000 1000 
Mound material   30000  30000 
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To identify any interactions between mound components in terms of metabolic gas production, 
the theoretical production rate of combined incubations TF and TFM is predicted by combining 
the measured productions rates of the individual components T, F, and M proportional to their 
respective weights. The standard errors of the production rates of individual components are 
propagated accordingly to calculate a 95% confidence interval for the predicted gas production. 
The theoretical production is then compared with the measured production in the combined 
incubations visually (Fig. 4.2), and by means of a t-test comparing the slopes of the measured 
and predicted production rates. 
2.4 Determination of methane uptake 
Slurry batch incubation was set up in triplicate in 120 ml bottles containing 5 g mound material 
and 5 ml autoclaved deionised water. Methane was added in the headspace at a level of 12 vol.% 
in air, and the bottles were then incubated at 28°C on a shaker (120 rpm) in the dark. For 
incubations under methane concentrations comparable to in situ levels, 5 g mound material and 
5 ml autoclaved deionised water were mixed in 260 ml bottles, and methane was added to 
approximately 40 ppmv (0.004 vol.% methane) in the headspace. In addition, incubation without 
mound material under methane served as a negative control. Each incubation was performed in 
triplicate. 
Headspace methane was measured using a CompactGC gas chromatography system (Covenant 
Analytical Solutions, Belgium) for incubation experiments at high methane concentrations, and 
gas chromatography equipment with flame ionization detector (Shimadzu, Japan) for 
experiments in conditions with in situ methane concentrations. In the latter series of 
experiments, methane uptake rate was determined from linear regression by monitoring 
methane depletion over time (26 days) after pre- incubation (26 days). Pre-incubation was 
performed under the same condition at 0.004 vol.% methane in the headspace.  
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2.5 Determination of nutrient contents 
Resin-extractable P was determined following Sharpley (2009). Total N was determined using 
an elemental analysis - isotope ratio mass spectrometer (2020, SerCon, United Kingdom), 
whereas NH4+ and NO3- were determined in a 1M KCl extract (ratio 2:1) using a continuous flow 
autoanalyzer (Skalar, Chemlab, the Netherlands). Total organic carbon content (Corg) was 
determined using TOC-analysis (TOC5050A, Shimadzu, Japan).  
2.6 DNA extraction 
DNA was extracted from the starting material as well as from the same material after incubation 
under in situ methane concentration, both for the reference soil and for the active nest, in 
triplicate. Extraction was performed using the Q-Biogene soil extraction kit (MP Biomedicals) 
according to the manufacturer’s instructions with a minor modification (Ho et al, 2011): three 
additional washing steps with 5.5 M guanidine thiocyanate were introduced after elution with 
the binding buffer to minimize co-extraction of humic acids. DNA extracts were stored at -20°C 
till further analysis. 
2.7 pmoA-based microarray analysis 
The microarray analysis was performed as described by Bodrossy et al. (2003) and Ho et al. 
(2011), with a minor modification. A nested polymerase chain reaction (PCR) was performed to 
prepare the target for the microarray probes: the first PCR (30 cycles) was performed using the 
A189F/A682r primer combination, and 1 µl of PCR product was then used as template for the 
subsequent PCR (30 cycles) using the A189F/T7_A682r primer combination. PCR was carried 
out in duplicate for each DNA extract and pooled during the clean-up step to minimize random 
errors. PCR was performed for three DNA extractions (three independent batch incubations) for 
each sample, for both the starting material and for the residue after incubation. The results are 
reported as averages of these triplicate analyses. The microarray data were standardized against 
the mean of total array intensity, and then against the reference value for positive detection 
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(Bodrossy et al., 2003). The standardized microarray data were visualized as a heatmap, 
produced in R ver. 2.10.0 (R Development Core Team, 2012) using heatmap.2, as implemented in 
gplots ver. 2.7.4. A heat map is a color-coded matrix representation of the measured abundance 
of individual probes encoding for specific methanotroph genes. Non-metric multidimensional 
scaling (vegan; Oksanen et al., 2010) was used to summarize overall differences. An indicator 
species analysis (labdsv; Roberts, 2013) helped identify probes indicative for specific habitats  
with high probability (p<0.05; Table 4.4). 
2.8 Detection of other methanotrophs 
Besides microarray analysis, PCRs targeting Methylocella-like mmoX (Rahman et al., 2011), 
‘Candidatus Methylomirabilis oxyfera’-like pmoA (Luesken et al., 2011), and Methylacidiphilum-
like pmoA belonging to Verrucomicrobia (Sharp et al., 2012) were performed (Table 4.5). 
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3.  Results and Discussion 
3.1 In situ concentrations of CO2 and CH4 
The methane concentrations in the mounds (20-35 ppmv) were expectedly higher than 
atmospheric levels (Table 4.2) and were comparable to concentrations detected in other termite 
mounds (~2-50 ppmv; Jamali et al., 2013). The carbon dioxide concentrations (1.1 – 2.4 x 104 
ppmv) in the mounds were in the range detected in other Macrotermes mounds (0.25 – 5.2 x 104 
ppmv), but the carbon dioxide concentrations have been demonstrated to fluctuate diurnally in 
these types of mounds (Korb, 2000).  
For a Macrotermes colony to thrive, it’s fungal symbiont must be provided with optimal 
conditions. This means keeping the nest air at constant temperature (30°C), low CO2 
concentrations and humidity near saturation. To do this, mounds need a ventilation system 
adapted to the local environmental conditions. In woodland environments, shade from the 
canopy and sub-optimal temperatures during most of the year, commonly results in dome-
shaped mounds, with thick walls, a closed chimney, and a low surface to volume ratio. This way, 
metabolic heat loss is limited of at the cost of elevated CO2 concentrations (Korb, 2003). The gas 
concentrations in both mounds are higher in the  upper part of the nest and in the central 
chimney, and lower in the bottom nest part (Table 4.2). These observations are in line with the 
internally driven ventilation mechanism used by dome-shaped mounds (Korb & Linsenmair 
1997). Hot air in the centre of the colony rises through the central chimney, to the lateral 
channels where the CO2 and CH4 can diffuse through the porous walls.  
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Table 4.2 Sample description, characteristics, and methane uptake rates of termite mound materials and reference topsoils. 
  
Sample description  
Nutrient contents 
(mg kg-1) 
 
In situ gas mixing ratio 
(ppmv,±sd) 
 
Methane uptake ratea 
(nmol gdw-1h-1) 
Sampling site 
 Height 
(cm) pH 
Corg 
(%)  Resin P Total N NH4-N  NO3-N   CO2 CH4  Pre-incubation 
Subsequent 
incubation 
Lact Mound                
Central chimney  600 5.0 0.8  0.5 770.1 2.9 3.0  14206 ± 994 21.2 ± 0.1  n.a n.a 
Nest-chimney   500 8.2 0.5  3.2 668.5 2.1 2.5  15322 ± 485 22.1 ± 0.4  n.a n.a 
Active nest area  450 8.2 0.6  10.6 669.3 2.1 21.2  11044 ± 333 18.4 ± 2.0  0.052 ± 0.015 0.049 ± 0.003 
Below nest area  400 7.9 0.5  4.4 1228.2 6.1 481.7  n.a n.a  n.a n.a 
Below nest area  250 4.3 0.7  1.8 1611.5 3.0 1068.8  n.a n.a  n.a n.a 
Reference soil   5.4 1.5  0.6 1069.6 7.0 0.6  n.a n.a  0.019 ± 0.004 0.017 ± 0.003 
Sact Mound 
               
Central chimney  300 6.6 0.6  0.5 733.9 2.9 9.8  23968 ± 1498 33.9 ± 2.0  n.a n.a 
Nest-chimney   200 7.5 1.0  2.1 1037.5 2.4 26.2  22830 ± 3354 31.3 ± 3.8  n.a n.a 
Active nest area  150 8.1 1.3  2.5 957.5 2.2 45.0  17936 ± 1197 20.6 ± 1.5  0.085 ± 0.024 0.090 ± 0.008 
Below nest area  100 8.4 0.7  4.4 710.2 1.9 48.9  n.a n.a  n.a n.a 
Mound base  0 7.7 0.7  6.3 856.1 1.7 339.0  n.a n.a  n.a n.a 
Reference soil   5.0 1.8  0.3 1195.5 3.7 1.2  n.a n.a  0.023 ± 0.004 0.021 ± 0.004 
a Methane uptake rate was determined in incubations under in situ methane concentrations (30-40 ppmv). 
n.a: data not available. 
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3.2 Production rates of CO2 and CH4 
Figure 4.1 shows the average headspace concentrations of CO2 (left axis) and CH4 (right axis) 
from the individual incubation of termite workers (T), fungus comb (F) and mound material (M). 
Linear regression was used to estimate the production rates of CH4 and CO2, presented in 
Table 4.3. The good fit suggests they can be assumed constant over the incubation interval, and 
independent of headspace concentrations. Although respiration rates of termites have been 
found to decline under high CO2concentrations (Wheeler, 1996), no such reduction was evident 
from these experiments. The fungus comb did not produce methane, as it’s metabolism is strictly 
aerobic. The high concentration of CO2 towards the end of the experiment did not seem to affect 
the fungal respiration rate, which suggests the measured in situ levels are not limiting. 
Macrotermes mound soil appeared to oxidize methane even at atmospheric levels, with methane 
headspace concentrations far lower than those measured in situ. 
The rate of methane production of Macrotermes falciger is much higher than the average for 
fungus-growers of 0.15 µmol h-1gdw-1 cited by Sugimoto et al. (2000), and is only exceeded by 
Pseudacanthotermes militaris, which reportedly emits 0.67 µmol h-1gdw-1. The respiration rate of 
the termite workers is comparable to that of other Macrotermitinae (Darlington et al., 1997). 
The respiration rate of the fungus comb however, is higher than those of other species measured 
by Yamada et al. (2005). 
Table 4.3 Production rates (µmol h-1 gdw-1) of CO2 and CH4 of individual mound components of 
Macrotermes falciger, as determined by linear regression (Fig 4.1) 
 
CO2 SE R² CH4 SE R² 
Termite workers 54.01 1.78 0.977 0.58 0.02 0.968 
Fungus comb 20.57 0.49 0.996 0.00 0.00 0.056 
Mound material 6.24E-02 7.27E-03 0.846 -1.37E-05 1.35E-06 0.837 
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Figure 4.1 Headspace concentrations of CO2 (left axis) and CH4 (right axis) for individually incubated Macrotermes falciger mound components: Termite 
workers (T), Fungus comb (F), and Mound material (M). A linear regression curve is fitted to the data. 
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In treatment TF, the production rate of CH4 did not differ significantly from the predicted rate 
(t-test comparing the slope of predicted and measured production). The measured CO2 
production rate on the other hand was significantly smaller than the predicted one (p<0.001). 
These observations may be explained by the behaviour of the termites, who started eating the 
fungus comb and using it as building material. These actions damage fungal hyphae, thereby 
hampering its metabolism. As the comb does not produce CH4, only the CO2 production rate was 
influenced. 
In treatment TFM, an increase in CO2 production can be observed compared to the predicted 
range, though it is only marginally different from the higher boundary of the prediction range 
(p=0.12), due to the high variability of the last measurement. The CH4 production is significantly 
lower (slope test; p<0.001) than the predicted range by 30 to 40%. Again, the interaction 
between the nest components can explain these differences. When soil is available, the termite 
workers no longer consume and use fungus comb for construction. Instead, they start 
remodelling the soil to create chambers, as they would when their nest was disturbed in situ. 
The metabolism of the fungus remains unaltered, but that of the termites may have risen due to 
their increased activity compared to the termites incubated individually, which may account for 
the slightly increased measured CO2 production compared to the predicted range. Alternatively 
or additionally, the mixing of the soil by the termites with saliva may have enhanced soil 
respiration. The non-linear drop in CH4 production compared to the predicted range suggests 
that the rate of methane oxidation by mound soil increases as the concentration of methane in 
the headspace rises. This observation prompted the slurry incubations, aimed at identifying the 
methane oxidation potential of different mound parts under in situ atmospheric conditions. 
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Figure 4.2 Comparison of the measured production of CO2 and CH4 of during incubations of combinations of termite workers (T), fungus comb (F), and 
mound material (M). The shaded areas represent a 95% confidence interval of the rates predicted by combining the rates measured for the individual 
mound components (Table 4.3) proportional to their weights, and propagating the error accordingly.
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Similar interactions between termites and mound material when both were incubated together 
compared to individually were detected by Watt et al. (1997). In situ gas fluxes emanating from 
nests did not match with those predicted by extrapolating termite biomass in those nests and 
respiration rates determined in vitro. These findings raise serious concerns about the validity of 
estimates of regional and global termite gas production from extrapolations of their estimated 
biomass and in vitro production rate, as these in vitro rates may differ significantly those in situ. 
Future incubation experiments may do well to incorporate measurement of this interaction in 
their experimental design. 
3.3 Methane uptake 
Preliminary flux measurements in batch experiments suggest that termites are a net methane 
source, whereas the mound materials are a net methane sink (Fig. 4.1). As methane-oxidizers 
appear to be absent in termite guts (Pester et al., 2007), the methanotrophic potential of mound 
materials was targeted. In our study of vertical profiles in termite mounds, methane uptake 
shows a biphasic pattern when mound materials were incubated under high (12 vol.%) methane 
concentrations (Fig. 4.3; see also Steenbergh et al., 2010), suggesting induced methanotrophic 
activity. At these high methane levels, methane oxidation is highest around the active nest area 
(450 cm for mound 1, 150 cm for mound 2; Fig. 4.3), and it was only detected after 5-6 days for 
the reference soils. Although methane uptake was detected for other mound intervals (Fig. 4.3), 
the material from the active nest reacted faster (shorter lag phase; ≤ 2 days), reflecting a higher 
abundance of viable methanotrophs. In the Lact mound, material from intervals below the active 
nest area did not exhibit methane uptake even after 26 days (Fig. 4.3). This coincides with 
relatively high concentrations of ammonium (Table 4.2), a compound that is known to inhibit 
methane oxidation (King, 1997; Bodelier and Laanbroek, 2004). However, this relationship is 
not confirmed by results for the control soil, for which higher methane uptake was detected 
despite higher ammonium concentrations (Table 4.2). Differences in methanotrophic 
community composition between the termite mound and the control soil (see below; Fig. 4. 5 
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and 4.6; Table 4.4) may explain this discrepancy, because sensitivity to ammonium differs 
among methanotrophs (Noll et al., 2008; Poret-Peterson et al., 2008). Incubations at low 
methane concentrations (30-40 ppmv), comparable to in situ levels, yielded methane uptake 
rates of 0.05 to 0.09 nmol gdw-1 h-1 for the active nest (Table 4.2), significantly (t-test; p ≤ 0.05) 
higher than the rates found for the reference soils (±0.02 nmol gdw-1 h-1). Methane depletion 
curves show a linear decrease, indicating steady state during incubation. It appears that termite 
activity modifies the mound environment, enabling higher methane uptake.  
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Figure 4.3 Methane uptake in incubations under high methane concentrations (12 vol.%) in termite 
mounds 1 (A) and 2 (B). Sample positions through the vertical profiles are indicated by height (cm) 
above the ground (see unit designations in Table 4.2). The inset graph shows data for the first 5 
days, demonstrating an earlier onset of methane uptake in the active nest material. Incubations for 
each profile were performed in triplicate (mean ± sd). 
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Figure 4.4 Methane uptake in incubations under in situ methane concentrations (0.004 vol.%) in 
termite mounds 1 (A) and 2 (B). Incubations were performed with samples from the active nest area 
and their respective reference soils in triplicates (mean ± sd). Samples are indicated by height (cm) 
above ground (see unit designation in Table 4.2). Incubation conditions were similar during pre-
incubation and subsequent incubation. Methane uptake rates determined from linear regression 
during these incubations are given in Table 4.2. 
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Consistent with previous studies (Bender and Conrad, 1994; Holmes et al., 1999), methane 
uptake rates in incubations under in situ concentrations (Fig. 4.4) were in the range (0.01-0.75 
nmol gdw-1 h-1) found in various forest soils incubated under atmospheric methane 
concentrations. With largely comparable pH, TOC, and ammonium concentrations in mound 
materials exhibiting methane oxidation (Table 4.2), termites can be assumed to increase 
moisture contents and elevate methane levels in the mound. Higher methane availability has an 
additional effect on population dynamics. While methane concentration itself may favour some 
methanotrophs according to the affinity of their MMO, higher concentrations will also increase 
the energy flow through a population affecting the dynamics of the community (Krause et al., 
2012). Methane was consumed in incubations under high methane concentration. Besides 
atmospheric methane-oxidizers, the mound material also harbours ‘low-affinity’ methanotrophs, 
as confirmed by the microarray analysis (Fig. 4.5). These methanotrophs may benefit during the 
rainy season, when increased water content may stimulate methane production. In summary, 
the mound materials harbour a versatile methanotroph community capable of methane 
oxidation both at high and low concentrations. 
4.  Methanotroph community composition 
A diagnostic microarray analysis was performed to determine the methanotrophic community 
composition for the starting material and for the same intervals after incubation under in situ 
methane concentrations. The microarray analysis has a wide coverage of known methanotrophs 
(Stralis-Pavese et al., 2011), but it excludes methanotrophs that do not harbour the pmoA gene, 
such as Methylocella and Methyloferulla, which possess only the sMMO enzyme (Dedysh et al., 
2000; Vorobev et al., 2011). Hence, in addition to the pmoA gene, the mmoX gene belonging to 
Methylocella-like methanotrophs was also targeted (Table 4.5), but amplicons of the correct size 
were not detected (data not shown). Furthermore, the pmoA gene that is specific for 
verrucomicrobial methanotrophs and for anaerobic methane oxidizers belonging to the phylum 
NC10 (Table 4.5) was not detected. Finally, the pmoA gene was targeted amplified using the 
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A189f/T7_A682r primer combination, which covers the vast majority of methanotrophs (Bourne 
et al., 2001). 
Table 4.4 Probes and corresponding taxonomic affiliations with high probability indicative for the 
active nest area and reference soil (p≤ 0.05), as revealed by an indicator species analysis. Only probes 
targeting methanotrophs are shown. 
Active nest area Reference soil 
Probe 
(taxonomic affiliation) Indicator value 
Probe 
(taxonomic affiliation) 
Indicator 
value 
type I  type I  
_JR3.505  
(Upland grassland soil cluster) 
 
1.00 P_OSC220 
(Finnish soil clones) 
0.98 
O_501.286 
(Methylococcus-like) 
 
0.97 P_MmES543 
(Methylomonas) 
0.96 
P_JR3.593  
(Upland grassland soil cluster) 
 
0.94 LW14.639 
(Methylosarcina-like) 
0.86 
O_BB51.299 
(Methylobacter) 
 
0.91 Alp7.441 
(Methylomonas-like) 
0.85 
P_ML_SL.3.300 
(Methylobacter) 
 
0.91 P_JRC3.535 
(Japanese rice cluster) 
0.83 
LF1a.456 
(Methylobacter-like) 
 
0.91 JHTY1.267 
(Methylogaea-like) 
0.82 
DS2.287 
(Deep sea cluster) 
 
0.90 P_Mb_C11.403 
(Methylobacter) 
0.78 
Ib453 
(type Ib, general) 
 
0.87 MsQ290 
(Methylosarcina-like) 
0.78 
P_Mb_LW12.211 
(Methylobacter) 
0.85 O_fw1.641 (Methylococcus-like 
& Methylocaldum-like) 
 
0.56 
LP21.436 
(pmoA2) 
 
0.85 type II  
Kuro18.205 
(Deep sea cluster) 
 
0.73 O_II509 
(type II, general) 
 
0.87 
P_LK580 
(Lake Konstanz sediment cluster) 
 
0.72 P_McyM309 
(Methylocystis) 
0.74 
   P_Mcy270 
(Methylocystis) 
0.63 
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Table 4.5 Primer combinations for the detection of methanotrophs used in this study. 
Primer set 
 
PCR / Methodology Target 
gene 
Target microorganisms 
mmoXLF / 
mmoXLR 
 
Nested PCR mmoX Methylocella genus-specific 
A189_b / 
cmo682 
Cmo182 / 
cmo568 
 
Nested PCR pmoA “Candidatus Methylomirabilis oxyfera”-
specific (phylum NC10) 
 
V170f / V613b Direct PCR pmoA “Methylacidiphilum”-specific 
(phylum Verrucomicrobia) 
 
A189f / 
T7_A682r 
Diagnostic microarray 
analysis 
pmoA Aerobic methanotrophs 
(General probe) 
 
The methanotrophic communities in the reference soil at both control sites are dissimilar, but 
the composition converges for the active nest samples (Fig. 4.6). This ordination suggests the 
mound environment selects for a specific community, most likely as a result of termite activity. 
An indicator species analysis (Table 4.4; Dufrêne and Legendre, 1997) was performed to identify 
methanotrophs that are indicative for the mound material. This analysis considers the relative 
abundance and frequency, among other parameters, of probes occurring in the different sites. 
Interestingly, type I methanotrophs represented by upland grassland soil clusters (high indicator 
value probes: P_JR3.505 and P_JR3.593; Horz et al., 2005; Table 4.4), Methylobacter-like, and 
Methylococcus-like methanotrophs, and pmoA2 were indicative for the active nest material. 
Previously, the upland grassland soil clusters were detected in other upland soils (soils that are 
not saturated for extended periods of time; Horz et al., 2005; Bissett et al., 2012) and were 
thought to form the dominant population responsible for atmospheric methane oxidation in arid 
soils (Angel and Conrad, 2009). However, they were rarely detected in methane-emitting 
environments and are not as strictly correlated to environments which act as a sink for 
atmospheric methane, as the USC-groups (Bodelier et al., 2000; Kolb, 2009; Ho et al., 2011; Lüke 
and Frenzel, 2011; Henneberger et al., 2012; Ho, Vlaeminck, et al., 2013). 
Termites facilitate methane oxidation and shape the methanotrophic community 
99 
 
   
Figure 4.5 pmoA-based microarray analysis visualized as a heatmap showing the diversity of the methanotroph community in the starting material and 
after incubation under in situ methane concentrations (26 days) for samples from the active nest area and reference soils, respectively. Probe names and 
their corresponding specificity are given elsewhere (54). The microarray analysis was performed in triplicate for each sample and shown here as average. 
The color code indicates relative abundance, with red indicating higher abundance. The probe covers type I and type II methanotrophs. Probes 
designated as ‘others’ are those indicative for amoA (encoding for ammonia monooxygenase), pmoA2, verrucomicrobial methanotrophs, and 
environmental sequences without known affiliations (between pmoA and amoA). 
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Although putative atmospheric methane-oxidizers (USCγ; Kolb et al., 2005) cluster within the 
Methylococcaceae family, cultured Methylobacter and Methylococcus species have not been 
shown to oxidize methane at low or atmospheric concentrations; their role as atmospheric 
methane-oxidizers, if any, remains elusive. However, it is not entirely unusual to co-detect pmoA 
sequences belonging to these type I methanotrophs alongside putative atmospheric methane-
oxidizers as observed in other studies (Knief et al., 2005; Singh and Tate, 2007). pmoA2, an 
isozyme of pmoA, is also indicative for the mound, but the corresponding probe (LP21.436) has a 
relatively low indicator value (Table 4.4). In contrast, a higher diversity of type I methanotrophs 
Figure 4.6 Non-metric multidimensional scaling (NMDS) analysis of standardized microarray data 
(Stress=0.17). Green and blue indicate termite mound 1 and 2, respectively. The light and dark shades 
indicate reference soil and active nest material, respectively. 
ctrl 
ctrl 
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(Methylomonas-, Methylobacter-, Methylosarcina-, Methylogaea-, Methylococcus-, and 
Methylocaldum-like methanotrophs, and other uncultured soil clusters; Table 4.4) and type II 
methanotrophs mainly characterized by Methylocystis species were indicative for the reference 
soil. Furthermore, discrepancy between the active nest and reference soils was detected within 
the genus Methylobacter (type Ia; probes LF1a.456, O_BB51.299 and Mb292; Table 4.4 and Fig. 
4.5), but they represented only a minor fraction.  
Although the methanotrophs in the mound had developed from the indigenous methanotrophic 
community represented by the reference soil, it appears that termite activity selects for a 
specific community structure. 
5.  Conclusions 
Measured production rates of combined incubation of termites, fungus comb, and mound 
material differed from those predicted from individual incubation of each of these mound 
components. This suggests that interactions between mound components influence the 
production rates of carbon dioxide and methane. In vitro production rates of metabolic gasses 
may therefore differ substantially from those in situ. 
The conditions in the nest area of active termite mounds allow for a higher methane uptake. 
While the response of the methanotrophs to N-amendments, methane, oxygen, and copper have 
been widely documented (Bodelier and Laanbroek, 2004; Henckel et al., 2000; Semrau et al., 
2010), biotic factors are less known (Murase and Frenzel, 2008; Ho, Kerckhof, et al., 2013). As an 
example of interaction of methanotrophs with their biotic environment, we provide a first 
insight into the methanotroph community and evidence for termite-facilitated 
selection/enrichment of the methanotroph community in M.falciger mounds. Hence, future 
studies resolving the active population which facilitates methane mitigation from termite 
mounds warrant attention. 
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Abstract 
Around Lubumbashi, the recent advent of large-scale pivot-irrigated agriculture is hindered by 
the presence of large termite mounds, which are completely levelled using bulldozers. As the 
soil-related properties of the mound material are known to differ considerably from the 
surrounding Ferralsols (see Chapter 2), the influence of spreading out this mound material on 
soil fertility and crop productivity is evaluated. To this end, a pot trial was conducted, 
monitoring the growth of amaranth (Amaranthus hybridus) on local woodland topsoil mixed in 
different ratios with material collected from the central and exterior parts of three termite 
mounds. The substrate properties (pH, WDC, Corg, CEC, exchangeable basic cations, carbonate, 
total and available P, total and mineral N, and total organic carbon) were analyzed to explain 
differences in growth rate between treatments in a linear mixed model. Results of the pot trial 
suggest the addition of material from the centre of the mound has a positive influence on soil 
fertility and crop performance. The high contents of nitrate and exchangeable basic cations in 
this mound material improve the fertility status of the receiving soils. Elevated concentrations of 
micronutrients in the mound material may be equally important, though this remains 
unconfirmed. To verify these findings in practice, a field where all termite mounds had been 
levelled was sampled along 11 transects containing 4 sampling points each, running from a 
former termite mound location into reference soil that received no termite mound material. At 
each sampling point, the yield of the 5 nearest plants (Solanum tuberosum and Alium cepa) was 
determined and the topsoil was sampled for physico-chemical analyses. Spreading out mound 
material was found to be only marginally beneficial to chemical soil fertility, as the application of 
chemical fertilizer along with leaching will likely have negated any initial effect. On the other 
hand, the mound material’s poor physical properties may have adverse effects on crop 
production, as suggested by the slightly reduced potato yield at former termite mound locations 
compared to the reference soils. While the merit of spreading out mound material seems limited 
for large-scale farmers who have access to fertilizers, these mounds do present an opportunity 
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to small-scale farmers throughout the miombo eco-region, provided the mound materials are 
used optimally, and any adverse effect on the soil’s physical properties can be mitigated. 
Key words : soil nutrients, soil amendment, DR Congo, Katanga, Amaranthus, pot trial, Ferralsol 
1.  Introduction 
The presence of large termite mounds can form an obstacle to mechanized agriculture. Around 
Lubumbashi, the introduction of large-scale pivot-irrigated agriculture is hindered by these 
large mounds, which are levelled using bulldozers. The mounds are built by subsequent 
generations of Macrotermes falciger, using fine-textured subsoil material. Over time, termite 
foraging combined with limited leaching results in the accumulation of decomposition products 
in the centre of the mounds, turning them into nutrient sinks (see Chapter 2). Termite mound 
material therefore differs considerably from the surrounding topsoil. More specifically, higher 
concentrations of nitrogen, phosphorous, and exchangeable basic cations are found in the centre 
of the mounds, as well as appreciable amounts of carbonates, which elevate the pH. Similar 
observations have been made for other Macrotermes mounds (e.g. Abe et al., 2011; Mills et al., 
2009), which has led some authors to suggest using mound material as a soil amendment 
(Watson, 1977; Batalha et al., 1995; Mamo and Wortmann, 2009; Tilahun et al., 2012). Spreading 
out the large termite mounds in the Lubumbashi region may locally affect the physico-chemical 
soil properties, which may in turn affect crop performance. The application of mound material 
may act as a natural fertilizer, which could provide an alternative for resource-poor farmers. 
However, given the variability of soil-related properties inside these mounds, different parts of 
the mound may have different effects on soil fertility and crop performance. A pot trial was 
performed in conjunction with field sampling to explore the effects of the admixture of mound 
material on the properties of the surrounding Ferralsols, and the crop response of the crops 
grown on them. These findings will help determine the value of termite mound material as a soil 
amendment, as well as establish best management practices concerning the levelling of termite 
mounds for mechanized agriculture in the Lubumbashi region. 
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2.  Material and Methods  
2.1 Description of the study area 
The climate of Lubumbashi is characterized by an average annual precipitation of about 1270 
mm, most of which occurs in the rainy season from November to March (118 days on average). 
The average annual temperature is about 20°C, monthly averages oscillate between 15.6°C in 
July and 23°C in October. Anthropogenic disturbance (especially charcoal production) has 
degraded the miombo woodland in the peri-urban zone around Lubumbashi, resulting in a 
transition to secondary grass savannah. Large conical termite mounds are found regularly 
distributed throughout the miombo, with a spatial density of 3.2 mounds ha-1, and with 5.1 m 
mean height, 14.9 m mean diameter, and 256 m³ mean volume. Macrotermes falciger is thought 
to be the original builder species, but currently inhabits only one mound out of ten in primary 
miombo woodland (Malaisse, 2010).  
2.2 Experimental design 
2.2.1 Pot trial 
Chapter 2 revealed that the large termite mounds around Lubumbashi consist of 4 distinct 
zones, based on the physico-chemical properties of the mound material. In terms of volume, the 
two outermost zones (the outer mantle and active nest) constitute only a minor part of the 
mound. The bulk of the mound consists of the accumulation zone, and the transition zone 
surrounding it. These two major mound zones were sampled separately for use as substrate and 
amendment in the pot trial (Fig. 5.1), to see if their differing properties translate into a different 
crop response.  
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Figure 5.1 Schematic mound cross-section, indicating mound zones and substrate sampling areas. 
 
Three  mounds were sampled for this study, of which one was active. All of these mounds have 
been extensively studied previously (see Chapter 2). The active mound (Lact) has an 
approximately conical shape, with a height of 6.3 m and a basal diameter of 13.5 m, and only a 
small (<0.3 m) chimney on top. The abandoned mounds consist of a large (Lab, ~6 m) and a small 
(Sab, ~3,5 m) specimen, with a comparable conical shape. A quarter to one half of the mounds’ 
volume was removed using a bulldozer, exposing a cross-section through the central vertical 
axis. From this cross-section, mound material was gathered by scraping off a layer of material 
from the sampling areas delineated in the accumulation zone, as well as in the transition zone 
(Fig. 5.1). As a reference, topsoil (0-10 cm) was collected around each mound, as a composite 
sample of three locations about 5 m from the mound. The material for each type was 
homogenized thoroughly and passed through a 2 mm sieve. For each of the 3 mounds (Lact, Lab, 
and Sab), the 3 collected substrate types (accumulation zone, transition zone and control) were 
Transition zone Accumulation zone 
Active nest and chimney 
Outer mantle 
3m 3m 0 
2m 
1m 
2m 
1m 
2m 
2m 
Sampling areas 
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used to fill plastic 2 L pots, by mixing termite mound material with control soil in 7 treatments 
(weight% mixtures) for each mound: 33%, 66%, 100% accumulation zone, 33%, 66%, 100% 
transition zone, and 100% control. Each treatment was repeated three times, obtaining 21 pots 
for each termite mound.  
For termite mound Lact this protocol was duplicated for a nitrogen fertilization experiment, 
yielding a virtual fourth mound Lact+N. The sole difference between Lact and Lact+N was the 
addition of 72 mg N to all pots of Lact+N in the form of 15N-labelled urea (10 atom% excess), 
which is equivalent to a field dose of 90 kg N ha-1 (assuming a plough layer of 25 cm and a bulk 
density of 1.2 Mg m-3). The urea was added to the pot as a dilute solution, after which the soil 
was homogenized thoroughly. 
Amaranthus hybridus was chosen as trial  crop because of its fast growth rate and adaptability to 
variable water and temperature regimes, and because of its local wide-spread use as a vegetable 
crop. Prior to sowing, each pot was brought to field capacity by adding 1.2 L of water over the 
course of one hour (200 mL every 10 min). Excess water was allowed to drain freely for the first 
night, after which the pots were put on plastic trays, spaced one meter apart. A standardised 
volume of ±200 seeds was put in water overnight and distributed over the surface of each pot. 
The seeds were lightly covered with soil, and the pots were covered with a straw mulch to 
provide shade and avoid desiccation during germination. The soil was kept moist throughout the 
experiment by daily application of 200 mL of water (Four 50-mL-doses evenly spread 
throughout the day). After 7 days, the mulch was removed, and after 15 days, the pots were 
thinned to 5 randomly selected seedlings per pot. The height of each individual seedling was 
monitored weekly. All plants were harvested 45 days after sowing, and the above-ground 
biomass was dried at 65°C and weighed (0.001 g accuracy). 
2.2.2 Field sampling 
Potential study areas for field sampling were identified on recent satellite imagery, available 
through Google Earth. A suitable field was identified adjacent to the patch of secondary 
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woodland that harbours the three mounds used for the pot trial. Termite mounds in this field 
had been levelled 3 years prior to sampling to enable mechanical agriculture with a central pivot 
irrigation system (Fig. 5.2). The former mound locations, and the surrounding zones where 
mound material has been spread are clearly recognizable by their lighter colour (Fig. 5.2 and 
5.3a). Image analysis of Figure 5.2b indicates that ~67% of the field’s surface is covered with 
termite mound debris. 
4 
 
 
  
Figure 5.2 Google Earth imagery of the study area (a) before clearing (2006), (b) during termite 
mound levelling (May, 2010), (c) second year of cultivation, dry season (June, 2012), and (d) wet 
season (January, 2013). The difference between termite mound debris and adjacent soil is clearly 
visible. 
 
In this field, 11 transects were established, each one composed of four sampling points, starting 
at the centre of a former termite mound location and ending in control soil that received no 
admixture of termite mound material. Between these two end points, the interface between 
a 
d c 
b 
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termite mound material and control soil was marked, as well as the mixing zone, where spread 
out termite mound material presumably has been mixed with the topsoil underneath (Figure 
5.3b). Several vegetables were being cultivated on the field at the time the measurements 
started. Five transects were situated between onions (Alium cepa), four between potatoes 
(Solanum tuberosum) and two between cabbages (Brassica oleracea). Positions of the sampling 
locations were marked with a pylon, the topsoil (0-25 cm) was sampled using a soil auger, and 
the nearest 5 plants to every sampling point were tagged. At the end of the growing season, crop 
productivity was assessed by measuring plant height along with the fresh weight of the edible 
parts of the tagged plants.  
 
2.3 Laboratory procedures 
All chemical analyses were performed on the fine earth fraction (<2 mm). For the analysis of 
carbonate, total N, and total P content, this fraction was finely ground using a ball mill. Acidity 
was measured potentiometrically in a 1:2.5 soil to water suspension. Cation exchange capacity 
(CEC) was determined using NH4OAc (1M) at pH 7 (van Reeuwijk, 2006), combined with 
determination of exchangeable base cation concentrations (Ca2+, Mg2+, K+ and Na+) using 
inductively coupled plasma-optical emission spectroscopy (ICP-OES, 720-ES Varian). Dithionite-
citrate-bicarbonate extractable  Fe and Mn (FeDCB, MnDCB) (Mehra and Jackson, 1960) were 
  
Figure 5.3 (a) Pale material from a recently levelled termite mound is spread out over darker 
coloured reference soil. (b) Schematic  of a transect on a levelled termite mound, indicating sampling 
locations (triangles) compared to the extent of  spread out termite mound material. 
a b 
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measured using ICP-OES. Total organic C content (Corg) was measured with a TOC-analyser 
(TOC-5050A, Shimadzu). The carbonate content (CaCO3 equivalent) was determined using a 
calcimeter (Eijkelkamp), which measures the volume of CO2 produced upon addition of HCl. 
Total N content (Nt) was determined using an isotope ratio mass spectrometer (IRMS, 2020, 
SerCon), whereas NO3- and NH4+ content were determined in a 1 M KCl extract (ratio 2:1) using a 
continuous flow auto-analyzer (Skalar, Chemlab). Total P (Pt) was determined by wet acid 
digestion (Bowman, 1988) and resin-extractable P (Pres) was determined using anion-exchange 
resin-impregnated membrane strips (Sharpley, 2009), both followed by ICP-OES analysis. 
Inorganic P fractionation as developed for calcareous soils was carried out for selected samples, 
which involved sequential extraction with 0.1 M NaOH, a dithionite-citrate-bicarbonate (DCB) 
solution, and 0.5 M HCl (Zhang and Kovar, 2009), followed by colorimetric quantification of the 
absorbance of phospho-molybdate at 712 nm. Organic phosphorus (Po) was determined as the 
difference of a heated (550°C during 1h) and unheated sample, extracted with 12 M H2SO4, and 
quantified colorimetrically. The particle size distribution was determined after the destruction 
of organic matter (H2O2 treatment) and carbonates (NaOAc treatment) by wet sieving to 
separate the sand fraction (>63 µm), followed by the pipette method (van Reeuwijk, 2002) to 
quantify the clay fraction (<2 µm). The water dispersible clay (WDC) content was determined 
using the pipette method, without pre-treatments nor dispersing agent (van Reeuwijk, 2006). 
2.4 Statistical analysis 
2.4.1 Pot trial 
To identify statistically significant differences in crop growth between treatments, and at the 
same time identify the most influential soil variables, a linear mixed model was composed using 
SPSS statistical software (IBM, ver. 21). A mixed model has some advantages over a general 
linear model. It is able to handle unbalanced designs with missing values (e.g. plants that died 
during the pot trial), correlated data and unequal variances. Furthermore, it incorporates fixed 
as well as random effects to explain the variability of the dependent variable, in this case 
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"Growth" (height at harvest) and "Yield"(dry weight of the above-ground biomass at harvest). 
Every plant was treated as a single observation, which results in fifteen repetitions for each 
treatment (three pots containing five plants each). The variable "Pot" (pot in which the plants 
are growing) was added as a subject variable to take the correlated error of the repeated 
measurements into account. This way, the measurements on each plant can be treated as 
individual observations, which would be forbidden in classical regression analysis or ANOVA. 
In a first model, aimed at testing differences in growth rate between the treatments, the 
dependent variables "Growth" and "Yield" were explained solely by the factor variable 
"Treatment", while including the subject variable "Pot". A Bonferroni multiple comparison was 
performed to indentify significant differences. A second model aimed at identifying the most 
likely soil variables able to explain the plant growth variability. All soil variables were assumed 
to be constant within each treatment. For the treatments composed of a mixture of two 
substrate types, the soil variables were interpolated as a weighted average of the values of the 
substrate types according to their mixing ratio. The dependent variables "Growth" and "Yield" 
could then be explained using the soil variables as covariates, while including the subject 
variable "Pot" to account for the repeated measurements. The initial model contained all soil 
variables that were thought to possibly have an influence on plant growth, namely the contents 
of organic carbon (Corg), nitrate (N-NO3), resin-extractable phosphorous (Pres), and exchangeable 
Ca, Mg, and K. Since the pH is measured on a logarithmical scale, it was not interpolated, and 
therefore not included in the model. The variables that did not have a significant effect on the 
dependent variable were omitted to obtain the final model. A scatter plot of the obtained 
residuals in function of the predicted values was generated to verify equality of variance.  
2.4.2 Field sampling 
SPSS statistical software (IBM, ver. 21) was used to create box plots and perform a Shapiro-Wilk 
test to verify the normality of the distribution of all variables for each sampling location. As 
several soil variables appeared to have a non-normal distribution, non-parametric tests were 
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used. Spearman’s rank correlation analysis was executed to find out which soil variables are 
related within sampling locations. To identify differences in soil properties between sampling 
locations, Friedman’s related samples two-way analysis of variance by ranks was used when all 
sampling locations were compared, while Wilcoxon’s related samples signed rank test was 
performed when only two locations were compared. 
A generalized estimating equation (GEE) model was used to identify differences between the 
sampling location in terms of weight of bulbs or tubers. A GEE model is a generalized linear 
marginal model.  It combines the generalized linear model for a non-normal residual with the 
repeated measures of a marginal model. The total weight for each plant was entered as the 
dependent variable, which was explained with the sampling location as factor, while the transect 
number was entered as a subject variable to account for the correlated error within the 
transects. A Bonferroni pairwise comparison was used to identify significant differences. 
3.  Results and discussion 
3.1 Pot trial 
3.1.1 Plant height and weight 
The mean height of the plants for each treatment is plotted in function of the number of days 
after germination in Figure 5.4. A comparison between accumulation and control treatments of 
the height of the plants before harvest is made in Figure 5.5. The mean dry weights of the 
harvested above-ground biomass of the plants per treatment is presented in Table 5.1. For the 
Lab mound there is a visible difference between the treatments. Plant growth in the control 
treatment stagnates after germination. The treatments with transition zone material show a 
slightly better growth, which increases with increasing amounts of admixture, yet overall 
growth remains very limited compared to the plants in treatments with accumulation zone 
material. In the latter treatments, plants grow well and higher amounts of admixture material 
clearly favours plant growth (Fig. 5.4 and 5.5). The Bonferroni comparisons of mean heights 
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confirm these observations, revealing all three accumulation zone treatments differed 
significantly from ²each other, as well as from all other treatments. No differences could be 
identified between the control and transition zone treatments. In terms of dry weight, only the 
100% and 66% accumulation treatments differed from all other treatments, but not from one 
another. Much smaller differences are observed between the treatments of the Sab mound (Fig. 
5.4). Plant growth on the control soil is again very limited, while the accumulation and transition 
treatments perform only slightly better.  
Even though  absolute differences between treatments were small, the mean plant height of the 
control treatment was found to differ significantly from all other treatments except the 33% 
transition treatment. The mean heights of the transition treatments all differed significantly 
from each other, and growth increased with increased amount of admixture. Within the 
accumulation treatments, the 66% treatment showed the best growth, though the height 
difference was only significant compared to the 33% treatment. In terms of dry weight, only the 
100% transition  and 66% accumulation differed significantly from the control. 
The results for the Lact mound are similar to the results for the Lab mound, again showing a large 
difference between the accumulation treatments compared to the transition and control 
treatments (Fig. 5.4 and 5.5). However, growth does not increase with increasing admixture of 
accumulation zone material. Growth of the 100% accumulation treatment is lower than the 66% 
and 33% treatments (partly because of its delayed germination), but is still substantially better 
than that of the transition and control treatments. The difference between these latter 
treatments is minimal. The mean height for the 33% and 66% accumulation treatments is 
significantly different from the transition and control treatments. For the mound with added 
nitrogen (Lact+N), similar trends are observed as for the Lab mound. Growth is poor for control 
and transition treatments, and significantly better for the accumulation treatments. Performance 
increases with increased addition of accumulation zone material. Pair-wise comparison of the 
same treatments between Lact and Lact+N yielded no significant differences.  
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Figure 5.4 Mean plant height per treatment per mound (n=3, SE omitted for clarity) 
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Figure 5.5 Comparison of control and accumulation treatments of mounds Lab, Sab, and Lact just before 
harvest. 
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Table 5.1 Mean dry weight (g) ± SD of plants at harvest for each treatment (n=3) 
    
Mound 
 Treatment 
  
Lab   
Sab   
Lact   
Lact+N 
              
 
 
 
           
 
 
Accumulation 
 
 
 
33% 
 
 
0.236 
 
 
0.043 
 
 
1.861 
 
 
0.761 
 
± 0.150 
 
± 0.079 
 
± 0.983 
 
± 0.332 
66% 
 
 
1.281 
 
 
0.085 
 
 
1.832 
 
 
1.272 
 
± 0.576 
 
± 0.039 
 
± 1.269 
 
± 0.411 
100% 
 
 
1.677 
 
 
0.036 
 
 
0.996 
 
 
1.076 
 
± 0.899 
 
± 0.017 
 
± 0.911 
 
± 0.699 
 
 
 
           
 
 
Transition 
 
 
 
33% 
 
 
0.021 
 
 
0.009 
 
 
0.062 
 
 
0.032 
 
± 0.011 
 
± 0.005 
 
± 0.051 
 
± 0.026 
66% 
 
 
0.037 
 
 
0.035 
 
 
0.045 
 
 
0.057 
 
± 0.011 
 
± 0.023 
 
± 0.048 
 
± 0.093 
100% 
 
 
0.059 
 
 
0.055 
 
 
0.035 
 
 
0.023 
 
± 0.035 
 
± 0.023 
 
± 0.020 
 
± 0.009 
  
 
           
Control 100% 
 
 
0.014 
 
 
0.010 
 
 
0.023 
 
 
0.029 
 
± 0.011 
 
± 0.008 
 
± 0.012 
 
± 0.015 
 
3.1.2 Substrate properties 
The results of the physicochemical analyses of the collected substrate materials are presented in 
Table 5.2. Bar charts for the most important variables are presented in Figure 5.6. All three 
control soils have a similar pH of ~5.5. In the Lab and Sab mound, the pH is higher in both mound 
materials compared to the control soils. The Lact accumulation zone has a low pH of 5.4, while the 
pH of the Lact transition zone is almost neutral (pH= 6.3).  As mentioned in Chapter 2, carbonate 
accumulation in the lower centre of the Lab and Sab mounds accounts for the elevated pH. The 
CEC varies widely between substrate types, but no clear trend is observable. The Sab control soil 
has a relative high CEC, which can likely be attributed to its high Corg content. The high CEC of the 
Lact accumulation zone is probably the result of increased amounts of high-activity clay minerals 
in the centre of this mound (see Chapter 2). The concentrations of the exchangeable basic 
cations (Ca2+, Mg2+, K+) do show a clear decreasing trend from the accumulation zone outward to 
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the control soil. The Ca2+ concentrations of the control soils are low, especially that of the Lact 
mound. The water-dispersible clay (WDC) content of mound material is higher than that of the 
control soil, with the exception of the accumulation zone material of the Lab mound. The organic 
carbon (Corg) content shows a clear increasing trend from the accumulation zone of the mounds 
outward to the control soils. The total N (Nt) content would have shown a very similar trend as 
Corg, if it hadn’t been for the presence of considerable amounts of nitrate in the accumulation 
zone material of the Lab and Lact mounds. The differential leaching responsible for the 
accumulation of mobile decomposition end products like nitrate is discussed in detail in 
Chapter 2. Total phosphorus (Pt) contents of the Lab substrates are somewhat lower than the 
other two mounds. The high Pt content of the Sab control soil can again be attributed to its high 
Corg content, while the high value of the Lact accumulation zone material can be traced back to the 
documented phosphate accumulation in the centre of this mound (see Chapter 2). The amounts 
of resin-extractable phosphorous (Pres) vary widely between mounds and substrate types; no 
clear trend emerges. 
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Table 5.2 Physico-chemical properties of the substrate materials per termite mound 
 Termite mound Lab 
 
Sab 
 
Lact 
Substrate type Acc.* Trans.* Ctrl.* 
 
Acc.* Trans.* Ctrl.* 
 
Acc.* Trans.* Ctrl.* 
pH (H2O) 7.42 7.96 5.38 
 
8.38 7.15 5.86 
 
5.36 6.33 5.45 
pH (KCl) 7.42 7.13 4.17 
 
7.66 5.88 4.76 
 
5.06 5.04 4.19 
EC (mS m-1) 205.12 12.89 2.24 
 
17.86 4.44 2.13 
 
262.34 5.22 2.63 
CEC (cmolc kg-1) 11.1 16.6 10.9 
 
14.8 16.0 22.6 
 
22.7 11.2 10.1 
Ca2+ (cmolc kg-1) 15.8 7.2 0.4 
 
15.7 6.8 1.1 
 
16.0 2.6 0.1 
Mg2+ (cmolc kg-1) 7.8 2.5 0.2 
 
2.6 1.5 0.3 
 
5.8 1.9 0.3 
K+ (cmolc kg-1) 0.5 0.5 0.2 
 
2.3 1.1 0.3 
 
0.7 0.3 0.3 
Na+ (cmolc kg-1) 0.02 <0.01 <0.01 
 
0.02 <0.01 <0.01 
 
0.03 <0.01 <0.01 
Base saturation (%) 218 62 8 
 
139 59 8 
 
99 43 7 
WDC (%) 1.45 12.23 6.73 
 
12.1 12.65 3.65 
 
12.7 7.89 3.5 
CaCO3 (g kg-1) 2.85 1.54 tr. 
 
7.87 0.09 0.26 
 
tr. tr. 0.07 
Corg (%) 0.22 0.31 0.62 
 
0.64 1.17 2.61 
 
0.61 0.93 1.28 
Nt (mg kg-1) 2022 435 526 
 
660 1115 1901 
 
2847 995 1048 
NH4-N (mg kg-1) 5.03 2.87 2.87 
 
1.61 5.79 3.71 
 
10.63 7.11 6.74 
NO3-N (mg kg-1) 1854.70 33.02 1.79 
 
21.78 6.15 2.13 
 
2708.82 20.03 2.49 
Pt (mg kg-1) 580 465 460 
 
684 727 1084 
 
979 585 626 
Pres (mg kg-1) 3.89 1.38 0.21 
 
1.79 1.68 1.9 
 
0.36 0.62 1.08 
*Acc.: Accumulation zone, Trans.: Transition zone, Ctrl.: Control topsoil 
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Figure 5.6 Bar charts of the properties of the substrate materials per termite mound. 
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Figure 5.6 (continued). Bar charts of the properties of the substrate materials per termite mound. 
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3.1.3 Model output and interpretation 
The substrate properties that were deemed to possibly influence crop performance (NO3-N, Pres, 
WDC, and Corg, exchangeable Ca2+, Mg2+, and K+) were inserted as independent variables into a 
mixed model explaining plant height. Since a first run of the model indicated Mg2+ and WDC were 
not significant, these variables were omitted in a second run, which yielded model parameters 
presented in Table 5.3. A similar approach using mean dry weight as the dependent variable 
yielded only nitrate as a significant explaining variable (Table 5.4). 
Table 5.3 Parameter estimates of a linear mixed model explaining mean plant height at harvest using 
substrate properties as independent variables 
Parameter Estimate Std. Error df t Sig. 
Intercept 6.91 1.13 56.94 6.10 0.00 
NO3-N 9,88E-03 1,99E-03 56.86 4.96 0.00 
Ca2+ -1.29 0.47 56.86 -2.73 0.01 
K+ 7.34 3.04 56.83 2.41 0.02 
Pres 2.67 0.79 56.86 3.38 0.00 
Corg -3.68 1.08 56.88 -3.40 0.00 
Table 5.4 Linear mixed model parameters explaining mean dry weight after harvest using substrate 
properties as independent variables 
Parameter Estimate Std. Error df t Sig. 
Intercept 0.09 0.06 60.76 1.51 0.14 
NO3-N 6.35E-04 6.45E-05 61.04 9.84 0.00 
 
Growth and harvest results are poor for all treatments of Sab and for the transition and control 
treatments of the other two mounds. Mounds Lab and Lact and Lact+N show a better growth on 
accumulation zone treatments. For the Lab and Lact+N mound, growth is proportional to the 
admixture amount accumulation zone material, while growth is intermediate for the 100% 
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accumulation treatment of the Lact mound. A similar experiment by Watson (1977) using annual 
ryegrass (Lolium perenne) yielded comparable results, though this study did not make a 
distinction between different parts of the mound. The differences in growth rate between the 
treatments of the present study point out that this is not necessarily true for every mound or for 
every part of the mound. The best growth is observed for the treatments containing remarkably 
high nitrate concentrations, resulting from mineralisation of organic matter in the termite nests 
above. The absence of nitrate in the Sab mound is explained by its relatively small size (see 
Chapter 2, section 4.2). However, the results of the Lact+N mound reveal nitrogen content can’t 
be solely responsible for better growth on the accumulation zone material, since the Lact+N 
control and transition zone treatments did not perform better than their unfertilised Lact 
counterparts. Urea is considered a fast-release nitrogen fertilizer, and there is no reason to 
assume urea hydrolysis or the subsequent nitrification of the released ammonium is inhibited in 
the substrates of this experiment. The availability of the urea-derived N was confirmed by δ15N  
measurements of the plants, which revealed the proportion of urea-derived N in the plants 
equals the proportion of urea-N to the total mineral N content of the substrate (data not shown). 
This means nitrogen is likely not the limiting nutrient. Further evidence for this is found in the 
nitrate contents of the transition zone material of the Lab (33.02 mg kg-1)and Lact (20.03 mg kg-1) 
mounds, which should have resulted in a better growth, had N been limiting. From the available 
data it remains unclear which plant nutrient is deficient. Besides nitrate, the linear mixed model 
suggests Pres, exchangeable Ca2+ and K+, and Corg have a significant influence on plant height. 
Exchangeable K+ levels, while low, are not critical in the reference soils. Exchangeable Ca2+ and 
Mg2+ are extremely low in the control substrates, but ample in the transition materials. Available 
P (Pres) is higher the Lact mound’s reference soil than in its accumulation zone, so it too can’t be 
limiting. 
Considering the low nutrient status of the reference soil, it is not inconceivable that it would be 
lacking in essential micronutrients as well. Practically all micronutrients have been found to 
accumulate in these large termite mounds, and this accumulation was more pronounced in 
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larger mounds (Seymour et al., 2014). It is possible that lack of one of these essential 
micronutrients (e.g. boron, copper, molybdenum, zinc,...) was responsible for the poor growth in 
the pot trial, though as they weren’t measured, and little is known about the specific 
micronutrient requirements of Amaranthus hybridus, this remains unconfirmed. Apart from the 
stunted growth, no typical deficiency symptoms were noted. Another possibility is sodium, 
which was found to stimulate nitrate assimilation in Amaranthus tricolor (Ohta et al., 1989). 
Exchangeable Na+ is indeed higher in the mounds’ accumulation zones compared to the 
transition zone and the reference soil (Table 5.2).  
Despite their relatively fast growth in this experiment, even the best growing plants did not rise 
up to the standard of a normal cultivated amaranth plant. Amaranth hybridus has a rather short 
growing season and should be ready to be harvested after 45 days at a height of at least 30 cm 
(Ebert et al., 2011). Suboptimal temperatures may also have played a role, as Amaranthus 
prefers day temperatures >25°C and night temperatures >15°C, which weren’t reached during 
the trial period.  
All things considered, addition of accumulation zone material to the surrounding Ferralsols has 
a positive influence on soil fertility and crop performance. The high contents of nitrate and 
exchangeable basic cations in the mound material improve the fertility status of nutrient-poor 
soils, though a true limiting factor could not be identified. Elevated concentrations of 
micronutrients in mound accumulation zone material may be equally, if not more important, 
though this remains unconfirmed. 
3.2 Field sampling 
3.2.1 Influence on soil fertility 
This section investigates how and to what extent spreading out mound materials modifies soil 
fertility of the receiving cropland. The sampling was done along 11 transects composed of 4 
sampling points (Fig. 5.3b): The Former termite mound location (FTM), Mixing zone (Mix), 
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Interface zone (Int), and Control soil (Ctrl). The results of the soil analyses are presented as 
mean values (±SE) per sampling location in Table 5.5, and visualised as boxplots in Figure 5.7.  
 
Table 5.5 Mean physico-chemical soil properties per sampling location along the transects (n=11) 
 FTM*  Mix*  Int*  Ctrl* 
Mean SE  Mean SE  Mean SE  Mean SE 
pH (H2O) 6.97 0.37  6.78 0.24  6.18 0.16  5.73 0.11 
pH (KCl) 6.09 0.35  5.78 0.26  5.20 0.14  4.76 0.10 
CEC (cmolc kg-1) 15.34 1.19  13.87 0.50  15.18 0.58  15.50 0.85 
Ca2+ (cmolc kg-1) 7.55 1.15  5.27 0.41  5.41 1.09  6.07 0.92 
K+ (cmolc kg-1) 0.61 0.16  0.54 0.69  0.61 0.17  1.00 0.29 
Mg2+ (cmolc kg-1) 1.74 0.24  1.19 0.11  1.08 0.17  1.39 0.20 
Na+ (cmolc kg-1) 0.04 <0.01  0.03 <0.01  0.03 <0.01  0.04 0.01 
Sand (%) 12 0.63  n.d. n.d.  n.d. n.d.  19 0.63 
Silt (%) 32 2.54  n.d. n.d.  n.d. n.d.  30 2.24 
Clay (%) 56 2.86  n.d. n.d.  n.d. n.d.  51 2.45 
WDC# (%) 10.95 0.49  9.73 0.73  7.96 0.38  6.95 0.32 
CDR# 0.20 0.02  n.d. n.d.  n.d. n.d.  0.13 0.01 
CaCO3eq. (g kg-1) 1.56 0.79  0.33 0.18  0.03 0.02  <0.01 <0.01 
Corg (%) 0.62 0.08  1.12 0.13  1.43 0.15  2.03 0.15 
Nt (%) 0.07 0.01  0.09 0.01  0.10 0.01  0.13 0.01 
NH4-N (mg kg-1) 4.14 1.21  3.13 0.35  4.24 0.69  5.40 1.50 
NO3-N (mg kg-1) 19.99 11.43  23.16 9.41  12.34 3.07  23.78 7.55 
Pt (mg kg-1) 829.07 27.63  847.55 47.46  814.54 12.64  911.98 32.48 
Pres (mg kg-1) 19.43 6.21  29.56 13.13  8.31 2.79  11.61 5.66 
P fractions (mg kg-1)            
Weakly-sorbed Pi 146.26 29.81  n.d.   n.d.   211.06 31.14 
Reductant Pi  99.67 6.78  n.d.   n.d.   87.17 5.36 
Ca-bound Pi  44.32 7.42  n.d.   n.d.   25.88 2.46 
Organic P  105.43 10.72  n.d.   n.d.   134.74 13.48 
            
* FTM: Former termite mound location, Mix: Mixing zone, Int: Interface zone, Ctrl: control.  
# WDC: Water dispersible clay, CDR: Clay dispersion ratio (WDC/total clay)  
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Figure 5.7 Box plots per sampling location of the soil properties along the transects from 
former termite mound locations (FTM) into reference soil (Ctrl). (a) pH(H2O), (b) CaCO3eq., (c) 
CEC, (d) exchangeable Ca2+, (e) Mg2+, (f) K+ (n=11)  
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Figure 5.7 (continued). Box plots per sampling location of the soil properties along the transects from 
former termite mound locations (FTM) into reference soil (Ctrl). (g) WDC, (h) Corg, (i) Nt, (j) NO3-N, (k) 
Ptot, (l) Pres (n=11) 
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Soil acidity shows a gradual decreasing pattern from the former termite mound locations (FTM) 
over the Mixing (Mix) and Interface (Int) zones to Control soil (Ctrl). Friedman’s related samples 
two-way analysis of variance by ranks identified significant differences between FTM and Ctrl 
(p=0.030) as well as between Mix and Ctrl (p=0.006). In accordance with the pH, the highest 
amounts of carbonates were found in the FTM samples, and to a lesser extent in the Mix samples. 
Int samples only sporadically contained measurable amounts of carbonates, while they were 
found to be completely absent from Ctrl locations. The formation of carbonates inside these 
large termite mounds, and the resulting elevated pH of mound materials has been discussed in 
detail in Chapter 2, as well as by Mujinya et al. (2011). The gradual decrease in pH from neutral 
at FTM (pH=~7.0) to slightly acidic in the reference soil (pH=~5.7) can be attributed to 
spreading out the carbonate-bearing mound materials, as confirmed by the strong correlation 
between CaCO3 and pH (rs=0.925). No measureable amounts of carbonates were found at the 
Ctrl locations, and the pH there is comparable to that of the woodland topsoils of the pot trial 
(Table 5.2). At the locations that received termite mound material however, the presence of 
carbonates and the elevated pH suggest that spreading out termite mound material has a liming 
effect. 
The opposite trend is observed for Corg and Nt, which both show a gradual increase from FTM to 
Ctrl, with significant differences identified between FTM and Ctrl, between Mix and Ctrl, and 
between FTM and Int. Unsurprisingly, Nt and TOC were found to be significantly correlated 
within the FTM (rs=0.655), Mix (rs=0.855), Int (rs=0.936) as well as Ctrl samples (rs=0.618). As 
demonstrated in Chapter 2, the outer layer of the mounds contains similar quantities of organic 
matter as the surrounding topsoil, while the deeper parts of the mounds and the soil underneath 
the mounds contain much less. This explains the very low Corg (mean=0.62, SE=0.08) 
concentrations at the FTM sites compared to the Ctrl sites (mean=2.03, SE=0.15). The fact that 
the Mix locations received more termite mound material than the Int locations explains the 
increase of Corg content along the transects from FTM to Ctrl. 
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No definite pattern nor significant differences were found for the CEC and exchangeable basic 
cations. FTM exhibits the highest values for CEC as well as for exchangeable Ca2+ and Mg2+. Both 
Ca2+ and Mg2+ show a decreasing trend from FTM over Mix to Int, and a slight increase again for 
Ctrl. The strong correlation between Corg content and the CEC within the Ctrl samples (rs=0.809), 
suggests that organic matter contributes considerably to the CEC at Ctrl locations. The low 
organic matter content of the mound material seems to be compensated by its fine texture, 
resulting in a CEC that on average changes little along the transect. While the pot trial pointed 
out termite mound material is enriched in exchangeable basic cations (see also Chapter 2), their 
concentrations were not elevated in the soils that received mound materials. Fertilizer 
application likely negated the difference between sampling locations, considering the large 
difference in cation content between these field reference soils and the control topsoils of the 
pot trial. FTM samples with high Ca2+ and Mg2+ values invariably contained relatively high 
amounts of carbonates, which will have led to an overestimation of the content of these cations. 
The WDC content shows a gradual decreasing pattern along the transects, i.e. from FTM to Ctrl, 
with a notably higher variability at the Mix and FTM locations. The amount of WDC differs 
significantly between FTM and Ctrl locations (p < 0.001) and between Mix and Ctrl (p=0.006). In 
terms of total clay content, the soils at the FTM locations contain significantly more clay 
(p < 0.001) compared to the control soils, though the difference is not as extreme as for the WDC 
content. This results in a clay dispersion ratio (CDR) that is significantly higher (p < 0.001) at 
termite mound locations compared to control soils, which implies the aggregate stability of 
termite mound material is lower than that of the surrounding soils. High WDC contents of 
termite mound materials have been reported before (Mujinya et al., 2013), and raise concerns 
about the mound material’s physical properties. Application of mound material may lead to 
slaking, resulting in poor infiltration and aeration, which is obviously not conducive to crop 
growth. Extensive crust formation has indeed been observed in the field in the FTM and Mix 
zones, though crops did not seem particularly affected (Fig. 5.8).  
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Figure 5.8 Extensive soil crusting at a former termite mound location 
Onions and potatoes both have strong shoots and considerable reserves to cope with a crusted 
soil in their youth. Emergence of seed crops however could prove problematic if the crust is not 
broken up. An indication of this can be seen in Figure 5.4d, in the north part of the field, which 
was left fallow at that time. Emergence of weeds is poor in the circular patches where termite 
mound material has been spread out, which may well be related to the crusted topsoil resulting 
from the large amounts of WDC in the mound material. To alleviate this problem, it is advisable 
to thoroughly mix the applied mound material with the receiving soils. Addition of organic 
matter (through ploughing under cover crops, for instance) will promote aggregate stability in 
the long term. 
The average NH4-N and NO3-N gradually increases from FTM to Control locations, though no 
significant differences were observed. A large amount of outliers is observed for all locations for 
both NH4-N and NO3-N. While Chapter 2 and the pot trial demonstrated that the interior of 
termite mounds can accumulate vast quantities of nitrate over time, no trace of this is observed 
in the soils that received termite mound material. Leaching in combination with fertilizer 
application appears to have negated any effect the spreading of mound material may initially 
have had on the soil’s nitrate contents. 
Influence of admixture of termite mound material on soil fertility and crop productivity 
135 
While nitrate leaches readily, phosphate is a much less mobile anion in the soil. The amount of Pt 
increases from FTM to Ctrl, with a significant difference between the two end points. Pres shows 
the opposite trend, with values decreasing from FTM to Ctrl. To explain the opposite trends of Pt 
and Pres, an organic P (Po) analysis was performed for the transect endpoints (FTM and Ctrl), 
along with a sequential inorganic phosphorus (Pi) fractionation, which separates weakly-sorbed 
Pi (NaOH extraction), reductant-soluble or occluded Pi (DCB extraction), and calcium-bound Pi 
(Ca Pi, HCl extraction). Mean values for FTM and Ctrl locations are presented in Table 5.5, while 
their relative and cumulative proportions are visualised in Figure 5.9. At both FTM and Ctrl 
locations, the P weakly sorbed by Al and Fe oxides is the most important P fraction in the soil, 
followed by organic P, occluded Pi and Ca-bound Pi. However, the relative size of these fractions 
differed between FTM and Ctrl locations.  
 
 
Figure 5.9 (a) Stacked bar and (b) clustered bar charts for former termite mound (FTM) and control 
(Ctrl) locations of the mean phosphorus fractions (n=11) 
 
The higher total P in the control soil as compared to the soils that received termite mound 
material may have resulted from the larger amounts of organic matter, and retention of the P 
released from its decomposition over time. The results of the P fractionation indeed show a 
higher mean organic P content for the Ctrl sites compared to the FTM locations, but the largest 
 a b 
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difference is situated in the weakly-sorbed P fraction. Most of the P added as inorganic P 
fertilizer will end up in this fraction. The soil pH governs the strength of adsorption, and thereby 
the availability of this fraction. A more acidic pH (cf. Ctrl sites) will increase the amount of 
positively charged sites on iron oxides, iron and aluminium hydroxides, broken edges of 
variable-charge minerals, and organic matter, hence increasing the adsorption of the negatively 
charged phosphates. The favourable neutral pH at the FTM and Mix locations on the other hand 
ensures the P in this fraction remains relatively more available, which contributes to higher Pres 
values (despite a lower Pt content).  
The occluded/reductant-soluble Pi is the second largest inorganic P fraction for both FTM and 
Ctrl locations, and roughly of the same size in both locations. Occluded Pi is the P trapped 
between soil mineral and Fe/Al oxide hydroxide layer forming a mantle around the phosphatic 
core where adsorbed Pi subsequently diffuses into the aggregates or crumbs and becomes 
occluded. Under anaerobic conditions, the Fe3+ may be reduced by micro-organisms, thereby 
releasing the occluded P (Sah et al., 1989). In the studied field however, occurrence of anaerobic 
conditions for a prolonged period of time is unlikely, and the occluded P fraction will not 
influence the amount of available P in the short term. 
Although Ca-bound Pi is the smallest of the three inorganic fractions, it’s significantly larger at 
FTM locations than at Ctrl sites. Due to the prevailing high pH (up to 8) and presence of calcium 
carbonate in the centre of large mounds, much of the P mineralized by the termites will 
precipitate as calcium phosphates in the mounds (see Chapter 2). In support of this, a 
significantly positive correlation between Ca-Pi and pH (rs=0.682) and between Ca-Pi and CaCO3 
(rs=0.639) was found for the FTM sites. Cultivation and fertilizer application may have slightly 
lowered the pH compared to the original pH when the mound was still on top, thereby 
increasing the solubility of the calcium phosphates, and hence also increasing the availability of 
the P in that fraction. In support of this, the correlation between Ca-Pi and Pres at the FTM sites 
was found to be marginally significant (rs=0.536; p=0.089). 
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Since organic P first has to be mineralised before it can be taken up by plants, the immediate 
influence of Po content on the amount of Pres is minimal. However, Po does represent a reservoir 
of P that will gradually be release. In this regard, an important consideration is the difference in 
organic matter quality between the FTM locations and the Ctrl. Unlike the outer layer of the 
mounds and the surrounding topsoils, the deeper parts of the mounds and the soil underneath 
the mounds have lacked the continuous addition of organic matter for a long time. The older 
organic matter in the inner mound material will therefore be in a more advanced state of 
decomposition. This implies that the organic P in the inner part and beneath the termite mound 
will be more resistant to further mineralisation, and will therefore contribute little to the 
available P in the short term. On the other hand, the younger organic matter found at the Ctrl 
locations will likely still contain more labile organic P that will mineralise in the short term, and 
become plant-available as long as the pH is favourable.  
3.2.2 Influence on crop performance 
Variations between the sampling zones in terms of yield per plant are visualised as boxplots in 
Figure 5.10, while the means ±SE can be found in Table 5.6. Results of the cabbages were not 
processed, as unequal interference of disease compromised this data. The output of the 
generalized estimating equation (GEE) model is presented in Table 5.7.  
Table 5.6 Mean weights of total yield per plant for each sampling location 
  
Potatoes (4x5 plants)  Onions (5x5 plants) 
Mean (g) SE 
 
Mean (g) SE 
FTM 846 41 
 
114 8 
Mix 939 99 
 
123 19 
Int 945 122 
 
111 14 
Ctrl 1054 88 
 
116 14 
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Figure 5.10 Boxplots per sampling zone of the weights per plant of the (a) Potato tubers (4x5 plants) 
and (b) Onion bulb (5x5 plants). 
 
 
 
Table 5.7 GEE model output: Bonferroni pairwise comparison of sampling zones in terms of 
tubers\bulb weight per plant  
  
 
Potatoes 
 
Onions 
(I)  (J)   (I-J) SE Sig. 
 
 (I-J) SE Sig. 
FTM Mix -93.3 64.4 .887 
 
-8.6 22.7 1.000 
 
Int -99.7 99.3 1.000 
 
3.4 21.1 1.000 
 
Ctrl -207,9* 52.7 .000 
 
-2.4 13.2 1.000 
Mix FTM 93.3 64.4 .887 
 
8.6 22.7 1.000 
 
Int -6.5 69.5 1.000 
 
12.0 20.9 1.000 
 
Ctrl -114.7 59.7 .330 
 
6.3 21.9 1.000 
Int FTM 99.7 99.3 1.000 
 
-3.4 21.1 1.000 
 
Mix 6.5 69.5 1.000 
 
-12.0 20.9 1.000 
 
Ctrl -108.2 121.2 1.000 
 
-5.7 26.9 1.000 
Ctrl FTM 207,9* 52.7 .000 
 
2.4 13.2 1.000 
 
Mix 114.7 59.7 .330 
 
-6.3 21.9 1.000 
 
Int 108.2 121.2 1.000 
 
5.7 26.9 1.000 
* The mean difference is significant at the 0.05 level 
a b 
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The yields of both the potatoes and the onions display a large variability within al zones. For the 
onions, no clear differences can be observed between the sampling zones, and indeed none are 
identified by the GEE model. For the potato yield however, an increasing trend can be observed 
from FTM to Ctrl. Despite the large variability, the mean yield difference between the FTM and 
Ctrl location was found to be significant. Admittedly, given the relatively low number of 
harvested plants, the scope of this part of the experiment was merely exploratory. To truly 
quantify the influence on crop performance, a larger area should be harvested in concentric 
zones (cf. Fig. 5.3b), expressing the yield per area instead of per plant. Nonetheless, these small-
scale observations confirm the predictions made in Chapter 2, namely that despite the high 
nutrient content of termite mound material, spreading out this material has little influence on 
the fertility of the surrounding cropland when fertilizers are applied. On the contrary, the 
physical properties of the fine-textured, carbon-poor mound material may have adverse effects 
on crop performance, as seems to be the case for the potatoes. Underground development of this 
tuber crop appears curbed in the heavy clay soils.  
3.3 Best management practices 
It is clear the nutrients contained within the large termite mounds of the miombo woodland 
around Lubumbashi would elevate the soil fertility of the surrounding Ferralsols when the 
mound material is spread out. These large termite mounds may therefore present an 
opportunity to resource-poor, small-scale farmers throughout the miombo eco-region. However, 
the non-renewable nature of these mounds raises the question if spreading out the mound 
material is the most optimal way to benefit from the mounds’ presence. Considering the possibly 
only short-lived benefits to the chemical soil fertility, and the adverse effects on the soil’s 
physical properties, a better (and less cumbersome) option on small-holder farms may be to 
leave the mounds in place, and crop them with more demanding crops (e.g. Maize).  
In the peri-urban zone around Lubumbashi however, the growing city’s demand for construction 
materials implies most of the mounds will be converted to bricks anyway. As already suggested 
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in Chapter 2, a synergy should be devised where the accumulation zone of the mounds is used as 
a soil amendment, while the transition zone material serves for the production of bricks. This 
ensures the mounds are used in the most rational way, maintaining the benefits of the admixture 
of mound material, while limiting any possible drawbacks. 
For farmers with access to chemical fertilizers, spreading out termite mound material may do 
more harm than good, considering the physical constraints of the mound material. Unlike a 
nutrient deficiency, a poor soil structure is not easily remediated, requiring consistent inputs of 
organic matter over an extended period of time. When levelling the mounds is inevitable (e.g. to 
enable pivot irrigation), sufficient organic inputs should therefore be provided.  
4.  Conclusions 
The addition of mound material from the accumulation zone to the surrounding soil has a 
positive influence on soil fertility and crop performance. Spreading out termite mound material 
locally affects the physico-chemical soil properties, as it  increases the pH, CaCO3 content, water 
dispersible clay (WDC) content, and the amount of available P, while decreasing the amount of 
OC and N. P availability at former termite mound locations is higher compared to the adjacent 
cropland mainly as a result of the elevated soil pH, which reduces the amount of positively-
charged surfaces in the soil, which in turn reduces the P-adsorption. Ca-bound Pi is the smallest 
of the three inorganic fractions, but may still influence P availability. The higher amount of Ca-
bound Pi in the termite mound material originally precipitated under a higher pH, and will be 
more soluble when the mound material is mixed with the slightly acidic surrounding soils. 
While the high contents of nitrate in termite mound material are the most conspicuous, the 
nitrogen fertilisation experiment pointed out nitrate is not solely responsible for the improved 
growth. Moreover, the presence of nitrate in the soil after application of mound material is 
short-lived. Higher concentrations of the other macro- and micronutrients likely play an equally 
important role, though the real limiting factor could not be determined with the data at hand.  
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Nonetheless, using mound material as a soil amendment can be of use to small-scale farmers, 
especially when a distinction is made between the more fertile accumulation zone material and 
the rest of mound, which does not improve plant growth. Caution remains necessary however, 
since from a soil physical point of view, the fine texture, high water-dispersible clay content and 
low organic matter content of the mound material may cause slaking and poor aeration. These 
may be alleviated by providing additional organic inputs along with the termite mound material 
and incorporating both thoroughly into the receiving soil. 
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General conclusions and scope for further research 
1.  General conclusions 
The material contained within the large termite mounds built by Macrotermes falciger differs 
considerably from the surrounding soil. Within the mounds, soil-related properties are far from 
uniform, as is documented in Chapter 2. The total variability is highest perpendicular to the 
mound surface. Based on mound morphology and variations in soil-related properties, four 
zones can be distinguished within the mounds: (i) the outer mantle, characterized by intense 
varied biological activity and by a well-developed soil structure; (ii) the active nest and chimney, 
found at the top, with the nest area as a site of organic matter mineralization; (iii) the 
accumulation zone, located in the lower central part of the mound, where compounds derived 
from the nest area are concentrated; and (iv) a transition zone, situated between the outer 
mantle and the other zones. The exploration of this variability provides some insight into the 
processes that underlie it: Intermittent leaching plays a key role in the development of this 
zoning. The steep and smooth surface and fine texture of the mound limit the amount of 
percolating water in the rainy season. As a mound grows larger, this amount is no longer 
sufficient to leach mobile compounds to below ground level. At this stage of mound 
development, they will start to accumulate in the lower central part of the structure.  
14C dating of the mound samples as performed in Chapter 3 presents a relevant timeframe 
within which this accumulation occurs. The radiocarbon age sequence of the acid-insoluble 
organic matter along the central vertical axis of large abandoned termite mounds is shown to 
provide valid age estimates for the sampled mound positions. The smaller abandoned mound in 
this study is at least 750 years old, whereas the large abandoned mound is over 2200 years old. 
This is much older than previously estimated, and may even mean these are the oldest termite 
structures ever dated. In currently active mounds however, leaching of more recent carbon 
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appears to influence the age measurements of lower mound parts. When using this 
methodology, it is therefore advisable to select mounds that appear to have been abandoned for 
a long time. This ensures much of the recently leached carbon will have mineralized, and 
precludes contamination with modern (post-bomb) carbon. Taking multiple samples along the 
central axis enables verifying the expected increase of age with depth before accepting the 
bottom measurement as a valid mound age estimate. This new, direct mound dating method also 
allows for the reconstruction of historical mound growth rates. Interestingly, changes in growth 
rate over time seem to correspond with temperature fluctuations, suggesting lower ambient 
temperatures reduce mound occupancy rates.  
The incubation experiments of Chapter 4 revealed that interactions between termites, fungus 
comb, and mound material influence the production rates of carbon dioxide and methane. 
Measured production rates of combined incubation of mound components differed from those 
predicted from incubation of individual mound components. In situ production rates of 
metabolic gasses by termites may therefore differ substantially from those measured in vitro. 
High methane concentrations and constant humidity inside the active nest result in a higher 
potential methane oxidation compared to other mound parts and the surrounding soil. These 
termite-induced changes to the abiotic environment create a niche habitat, which is home to a 
distinct methanotrophic microbial community.  
Chapter 5 sheds some light on the potential agricultural application of the mound materials. 
Results from the pot trial suggest the addition of accumulation zone material to the surrounding 
soil has a positive influence on soil fertility and crop performance. While the high concentrations 
of macronutrients in this material will surely benefit plant growth, micronutrients might play an 
equally important role, though this remains to be quantified. On the other hand, the benefits to 
chemical soil fertility of spreading out mound material in fields receiving chemical fertilizers 
were found to be minimal. For small-scale agriculture however, accumulation zone material 
could improve the chemical soil fertility, especially due to its liming effect. A distinction should 
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be made in this regard between the accumulation zone material and the rest of the mound, 
which does not seem to improve plant growth. Caution remains necessary, as the benefits to 
chemical soil fertility obtained by spreading termite mound material may not outweigh the 
likely adverse effects on the physical properties of the soil. The fine texture, high water-
dispersible clay content and low organic matter content of the mound material may cause 
slaking and poor aeration.  
2.  Scope for further research 
2.1 Mound nutrient contents on an ecosystem scale 
While the results of Chapter 2 draw a detailed image of soil-related properties within a few 
mounds, future research may be directed at the ecosystem scale. Considering the large size and 
high spatial density of these mounds, a considerable part of the ecosystem’s total nutrient stock 
is likely contained within these large mounds. Because the mounds are so large and persistent, 
not only will they contain more nutrients than their smaller counterparts built by other 
Macrotermes species, the nutrients will be contained there for much longer, considering the 
persistence of these mounds documented in Chapter 3. Such a study could use the mound zones 
as delineated by this research to devise a sampling protocol in which for example one composite 
sample is taken for each mound zone. A soil auger can be used instead of cross-section sampling, 
to allow a large number of mounds to be sampled over a wide area with minimal effort. Results 
from subsequent physico-chemical analyses could be extrapolated to estimate the proportion of 
the ecosystem’s total nutrient content contained within the mounds. 
2.2 The relation between environmental temperatures and mound occupancy rates 
Continuous vertical auger samples from the top of large mounds down to ground level can be 
dated as outlined in Chapter 3. Reconstructed historical growth rates from this data could 
provide insight into past environmental conditions, as well as provide further evidence and age 
constraints for a period when all mounds were active simultaneously. If temperature indeed 
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affects mound occupancy, the steady temperature increase recorded during the last two decades 
(Fig. 3.6; Nicholson et al., 2013) can be expected to enhance population densities of M. falciger in 
miombo woodland. Recent observation of numerous new, young M. falciger mounds in primary 
miombo around Kolwezi (B.B. Mujinya, personal communication) appears to confirm this, as 
earlier surveys reported the notable absence of small, young mounds (Pullan, 1979). A study 
looking into past occupancy rates, would do well to re-evaluate the current one, preferably in 
undisturbed woodland. Ideally, sampling areas should be distributed across the entire miombo 
eco-region so as to establish which environmental parameters (e.g. temperature, rainfall, soil 
texture, tree cover, depth of water table, incidence of fire, large herbivore density, anthropogenic 
disturbance,…) constrain the occurrence of large termite mounds or influence population 
densities. If the sampling areas contain a gradient in average annual temperature, its effect on 
population densities may  become evident.  
2.3 Mound formation 
That same study could also look into some of the unanswered questions regarding mound 
formation. For instance, while Malaisse (1978) identified M. falciger as the original builder 
species, Pullan (1979) saw little reason why M. falciger should be the only primary colonizer. 
While many termite species are associated with these large mounds, it is unclear which ones 
actively contribute to their growth, rather than simply reorganizing the existing mound material. 
Furthermore, the evolutionary reason(s) for the apparent systematic recolonization behaviour 
may be elucidated. Apparently, new queens with a preference for abandoned mound sites have 
greater reproductive success than those that start a new mound at ground level, despite the fact 
that they have to venture several meters further to reach the groundwater table and subsoil 
sources of fine-textured construction material. Protection from fire, from predators, from 
trampling by large herbivores, and from inundation provided by the abandoned mound’s 
elevated position have all been put forward (Pullan, 1979), but the relative importance of these 
reasons has not been determined yet. 
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2.4 Cost-benefit analysis of the use of mound material in agriculture and construction 
Once a better picture of the total amount of plant nutrients contained within these termite 
mounds is obtained, more specific recommendations could be made concerning the potential use 
of this mound material as a soil amendment, as explored in Chapter 5. For small-scale 
subsistence farmers, a cost-benefit analysis could be performed to determine the most cost-
effective way of combining the use of accumulation zone material as a soil amendment, while the 
transition zone materials serve for brick production. In theory, this would ensure optimal use of 
the accumulation zone’s favourable chemical properties, while minimizing potential problems 
from the mound material’s adverse physical properties. In practice, the economical and logistical 
aspects of this rationale may limit its feasibility, and remain to be investigated. Similarly, the 
adverse effects on the soil’s physical properties suggested by the field sampling in Chapter 5 
solicit further investigation. Stratified harvesting of fields were termite mounds have been 
levelled, in concentric zones from former termite mound positions outward, will give a more 
quantitative idea of the effect that spreading out termite mound material has on crop 
productivity in large-scale mechanised agriculture. This data could in turn be used to determine 
the most cost-effective way to remove these large mounds. If the yield reduction caused by 
spreading out the mound material is substantial, it may be worth the extra time and effort to 
carry the termite mound material off-site. Brick production using the mound material prior to 
field preparation is another option worth exploring. Again the economical and logistical 
considerations of these approaches remain to be explored. 
As always, the answer to one question raises many others. While this PhD research has brought 
us one step closer, it is clear that some details regarding the formation and applications of these 
large termite mounds are yet to be uncovered. Surely these impressive termite structures will 
continue to intrigue soil scientists and ecologists for many years to come. 
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Appendix 1 : Reference soil description 
This soil profile was dug in the vicinity (±10 m) of the Lact mound (see previous chapters) 
 
Location:   Ferme Bumaki, near Kimbembe village, 10 km NE of Lubumbashi, DR 
Congo. 11°33,819' S; 27°29,937' E. Altitude : 1263 m asl. 
Physiography: Profile situated on the plateau, 1% SE-facing slope, ~200 m from the 
shoulder slope of a small river valley (1249 m asl).  
Vegetation: Secondary miombo woodland (dominated by Brachystegia spiciformis, 
Marquesia macroura, and Julbernardia paniculata) 
Parent material:  Schist of the Upper Kundelungu Series (pre-Cambrian age) 
WRB classification: Pisoplinthic Ferralsol (Dystric)  
(IUSS Working Group WRB, 2014) 
Table A 1 Description of the soil horizons identified in the reference profile. 
Horizon Depth 
(cm) 
Description 
A 0-10 7.5 YR 4/6 (dry, strong brown). Moderate to weak structure, peds 
granular, coarse to very coarse (5-10 mm). Abundant rock fragments, 
>40%, fine to medium, subrounded to angular gravel, mostly lateritic, 
partly friable sandstone. Many fine roots <2 mm, few coarse roots. 
Abundant chambers and tunnels of soil-feeding termites. Stonelayer 
may have been mixed with topsoil due to cultivation in the past. Clear, 
smooth boundary. 
AB 10-35 5YR 4/6 (dry, yellowish red). Weak to moderate structure, though 
stronger than in horizon A, coarse to extremely coarse angular peds 
(5-30 mm). Stone line: >80% rock fragments, medium to fine 
subrounded to angular gravel, mostly lateritic, partly friable 
sandstone. Mottling: discontinuous irregular nodules and coatings, 
Black (2.5/N) 3%, 3-6.5 mm; Yellow (10YR 7/8) 2%, 1.5-9 mm. Few 
fine roots, common coarse roots. Gradual, wavy boudary. 
B1 35-75 5YR 4/4 (dry, reddish brown). Moderate structure, subangular 
blocky, medium-coarse peds (10-50 mm). Many (50-60%) rock 
fragments, medium to fine angular to subrounded gravel. Mottling: 
Black (2.5/N) 10%, 5-10 mm; Yellow (10YR 7/8) 15%, 3-20 mm. Very 
few roots. Diffuse, wavy boundary. 
B2 75-150 Same as B1, but mottling increases with depth: Black (2.5/N) 25-30%, 
6-15 mm; Yellow (10YR 7/8) 20-25% 3-20 mm. 
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Table A 2 Physico-chemical properties of the fine fraction (<2 mm) of the reference profile. 
Depth pH CEC Ca2+ Mg2+ Na+ K+ OC CaCO3 WDC Pt Pres 
(cm) (H₂O) cmolc kg-1 % % % mg kg-1 mg kg-1 
10 5.44 8.06 0.04 0.44 0.01 0.63 1.52 0.19 4.8 826.4 0.58 
25 5.17 7.62 0.03 0.19 0.05 0.48 0.53 <0.1 10.0 286.1 0.33 
50 5.03 9.19 0.02 0.16 0.01 0.41 0.37 0.14 7.5 667.4 0.43 
100 5.44 12.36 0.03 0.14 0.02 0.54 0.25 <0.1 1.3 625.9 0.31 
150 5.40 14.31 0.03 0.12 0.02 0.44 0.27 0.10 8.8 428.6 0.26 
200 5.27 13.32 0.02 0.06 0.02 0.27 0.20 <0.1 0.3 294.6 0.09 
250 5.33 14.48 0.02 0.07 0.02 0.28 0.16 <0.1 0.1 234.6 0.19 
300 5.40 11.99 0.02 0.06 0.02 0.31 0.18 0.10 0.2 216.0 0.00 
 
Table A 2 (continued) Physico-chemical properties of the fine fraction (<2 mm) of the reference 
profile. 
Depth Nt NH4-N NO3-N 
 
Al Fe Mn Si  Al  Fe  Mn  Si  
(cm) (%) mg kg-1  (%, DCB-extractable)  (%, oxalate-extractable) 
10 0.11 6.99 0.62  0.46 3.49 0.08 0.08  0.12 0.11 0.08 0.01 
25 0.05 3.66 0.57  0.57 3.91 0.07 0.06  0.11 0.09 0.05 0.01 
50 0.05 2.62 0.57  0.60 4.73 0.16 0.07  0.10 0.08 0.09 0.01 
100 0.04 2.31 0.62  0.70 5.12 0.96 0.08  0.10 0.09 0.31 0.01 
150 0.04 2.41 0.52  0.63 5.15 0.31 0.12  0.09 0.06 0.11 0.02 
200 0.02 1.73 0.43  0.91 8.89 0.18 0.14  0.07 0.04 0.08 0.02 
250 0.02 1.06 0.67  0.90 8.77 0.35 0.16  0.08 0.05 0.11 0.02 
300 0.02 7.78 0.51  0.78 8.34 0.50 0.15  0.06 0.06 0.21 0.02 
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Figure A 2 A and AB horizons of the reference soil profile 
Figure A 1 B1 horizon of the reference soil profile 
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Figure A 3 B2 horizon of the reference soil profile 
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Appendix 2 : Correlation matrix for the Lact mound 
Table A 3 Spearman’s rank correlation matrix of epigeal samples of mound Lact (n=60) 
 
**: Correlation is significant at the 0.01 level (2-tailed); *: significant at the 0.05 level (2-tailed). 
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Vertical r 1.000 -.664** -.196 -.212 -.295* -.585** -.539** .157 -.123 .265 -.290* -.383** .127 .137 -.577** .453** -.645** -.612** -.530** -.510** .088 .451** -.374** -.428** .145 -.100 -.391** -.029 -.188 .099 -.399** 
Sig . .000 .130 .124 .021 .000 .000 .226 .344 .050 .032 .002 .331 .292 .000 .000 .000 .000 .000 .000 .502 .000 .003 .001 .266 .442 .002 .823 .146 .447 .001 
Diagonal r -.664** 1.000 .243 .619** .336** .754** .535** .365** .177 -.516** .242 .368** -.401** -.137 .903** -.696** .899** .904** .825** .796** -.418** -.347** .442** .173 -.508** -.269* .435** -.015 -.217 -.374** .458** 
Sig .000 . .059 .000 .008 .000 .000 .004 .173 .000 .075 .004 .001 .294 .000 .000 .000 .000 .000 .000 .001 .006 .000 .183 .000 .036 .000 .908 .093 .003 .000 
pH H2O r -.196 .243 1.000 .232 -.217 .636** .728** -.023 .550** -.647** .591** -.408** .229 -.607** .168 -.422** .080 .148 -.098 .479** -.564** -.326* .435** .645** -.299* -.399** .385** .808** -.309* -.125 .510** 
Sig .130 .059 . .091 .094 .000 .000 .863 .000 .000 .000 .001 .075 .000 .194 .001 .538 .255 .454 .000 .000 .010 .000 .000 .019 .001 .002 .000 .015 .336 .000 
WDC r -.212 .619** .232 1.000 .209 .363** .303* .165 .186 -.454** -.121 -.137 -.307* -.152 .490** -.593** .452** .519** .380** .395** -.249 .191 .033 .033 -.565** -.327* -.007 .098 -.407** -.467** -.008 
Sig .124 .000 .091 . .129 .007 .026 .233 .178 .001 .383 .324 .024 .274 .000 .000 .001 .000 .005 .003 .069 .167 .812 .813 .000 .016 .958 .482 .002 .000 .952 
CEC r -.295* .336** -.217 .209 1.000 .057 -.024 .080 -.293* .012 -.275* .335** -.336** .148 .310* -.069 .350** .332** .514** .270* .109 -.128 .183 -.049 -.111 -.073 .012 -.311* -.066 -.244 .173 
Sig .021 .008 .094 .129 . .660 .855 .541 .022 .928 .042 .008 .008 .256 .015 .596 .006 .009 .000 .036 .405 .324 .158 .706 .393 .578 .925 .015 .613 .059 .182 
Ca r -.585** .754** .636** .363** .057 1.000 .846** .264* .514** -.628** .506** .133 -.001 -.466** .721** -.636** .691** .691** .525** .835** -.544** -.565** .654** .594** -.384** -.442** .632** .415** -.317* -.258* .692** 
Sig .000 .000 .000 .007 .660 . .000 .039 .000 .000 .000 .305 .994 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .002 .000 .000 .001 .013 .044 .000 
Mg r -.539** .535** .728** .303* -.024 .846** 1.000 -.039 .617** -.571** .557** .006 .218 -.554** .573** -.514** .531** .557** .238 .649** -.486** -.450** .519** .648** -.297* -.336** .484** .600** -.223 -.141 .553** 
Sig .000 .000 .000 .026 .855 .000 . .763 .000 .000 .000 .966 .091 .000 .000 .000 .000 .000 .065 .000 .000 .000 .000 .000 .020 .008 .000 .000 .084 .277 .000 
K r .157 .365** -.023 .165 .080 .264* -.039 1.000 -.217 -.031 .050 .220 -.240 .116 .397** -.071 .294* .298* .342** .410** -.154 -.080 .205 -.149 -.184 -.202 .209 -.089 -.177 -.173 .219 
Sig .226 .004 .863 .233 .541 .039 .763 . .092 .824 .718 .088 .062 .373 .002 .586 .022 .020 .007 .001 .236 .540 .113 .250 .157 .118 .106 .496 .173 .183 .090 
Na r -.123 .177 .550** .186 -.293* .514** .617** -.217 1.000 -.411** .201 -.179 .107 -.367** .221 -.388** .202 .226 -.007 .188 -.440** -.118 .190 .388** -.160 -.291* .175 .484** -.248 -.018 .182 
Sig .344 .173 .000 .178 .022 .000 .000 .092 . .002 .141 .168 .413 .004 .086 .002 .119 .080 .959 .147 .000 .365 .142 .002 .217 .023 .177 .000 .054 .890 .160 
C org r .265 -.516** -.647** -.454** .012 -.628** -.571** -.031 -.411** 1.000 -.307* .488** -.112 .703** -.339* .809** -.295* -.407** -.250 -.538** .648** .253 -.493** -.417** .594** .575** -.401** -.433** .526** .376** -.517** 
Sig .050 .000 .000 .001 .928 .000 .000 .824 .002 . .023 .000 .414 .000 .011 .000 .029 .002 .065 .000 .000 .063 .000 .002 .000 .000 .002 .001 .000 .005 .000 
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Table A 3 (continued) Spearman’s rank correlation matrix of epigeal samples of mound Lact (n=60) 
 
**: Correlation is significant at the 0.01 level (2-tailed); *: significant at the 0.05 level (2-tailed). 
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CaCO3 r -.290* .242 .591** -.121 -.275* .506** .557** .050 .201 -.307* 1.000 -.213 .296* -.493** .185 -.258 .101 .142 .022 .442** -.336* -.482** .413** .532** -.191 -.191 .402** .489** -.068 -.056 .451** 
Sig. .032 .075 .000 .383 .042 .000 .000 .718 .141 .023 . .119 .028 .000 .175 .057 .463 .302 .874 .001 .012 .000 .002 .000 .162 .163 .002 .000 .622 .682 .001 
Total N r -.383** .368** -.408** -.137 .335** .133 .006 .220 -.179 .488** -.213 1.000 -.207 .498** .562** .182 .615** .491** .520** .222 .211 -.197 .006 -.220 .217 .245 .084 -.490** .280* .145 .020 
Sig. .002 .004 .001 .324 .008 .305 .966 .088 .168 .000 .119 . .109 .000 .000 .160 .000 .000 .000 .085 .103 .128 .964 .089 .093 .057 .519 .000 .029 .266 .878 
d15Nt r .127 -.401** .229 -.307* -.336** -.001 .218 -.240 .107 -.112 .296* -.207 1.000 -.402** -.302* .169 -.284* -.318* -.370** -.042 .112 -.113 .099 .352** .115 -.255* .056 .263* -.213 .047 .114 
Sig. .331 .001 .075 .024 .008 .994 .091 .062 .413 .414 .028 .109 . .001 .018 .193 .026 .012 .003 .749 .390 .386 .447 .005 .376 .047 .667 .041 .099 .719 .383 
NH4-N r .137 -.137 -.607** -.152 .148 -.466** -.554** .116 -.367** .703** -.493** .498** -.402** 1.000 -.061 .492** -.016 -.122 .055 -.386** .385** .287* -.410** -.565** .324* .476** -.387** -.501** .362** .201 -.417** 
Sig. .292 .294 .000 .274 .256 .000 .000 .373 .004 .000 .000 .000 .001 . .641 .000 .904 .347 .674 .002 .002 .025 .001 .000 .011 .000 .002 .000 .004 .121 .001 
NO3-N r -.577** .903** .168 .490** .310* .721** .573** .397** .221 -.339* .185 .562** -.302* -.061 1.000 -.557** .957** .959** .770** .740** -.352** -.338** .386** .124 -.351** -.185 .423** -.044 -.129 -.237 .412** 
Sig. .000 .000 .194 .000 .015 .000 .000 .002 .086 .011 .175 .000 .018 .641 . .000 .000 .000 .000 .000 .005 .008 .002 .339 .006 .153 .001 .737 .321 .066 .001 
Organic N r .453** -.696** -.422** -.593** -.069 -.636** -.514** -.071 -.388** .809** -.258 .182 .169 .492** -.557** 1.000 -.547** -.682** -.512** -.576** .554** .269* -.403** -.248 .587** .379** -.368** -.202 .321* .347** -.414** 
Sig. .000 .000 .001 .000 .596 .000 .000 .586 .002 .000 .057 .160 .193 .000 .000 . .000 .000 .000 .000 .000 .036 .001 .054 .000 .003 .004 .118 .012 .006 .001 
Mineral N r -.645** .899** .080 .452** .350** .691** .531** .294* .202 -.295* .101 .615** -.284* -.016 .957** -.547** 1.000 .952** .817** .713** -.267* -.317* .369** .111 -.348** -.175 .414** -.143 -.125 -.277* .369** 
Sig. .000 .000 .538 .001 .006 .000 .000 .022 .119 .029 .463 .000 .026 .904 .000 .000 . .000 .000 .000 .038 .013 .003 .396 .006 .178 .001 .271 .337 .031 .003 
Nmin/Ntot r -.612** .904** .148 .519** .332** .691** .557** .298* .226 -.407** .142 .491** -.318* -.122 .959** -.682** .952** 1.000 .794** .737** -.375** -.322* .397** .091 -.380** -.179 .406** -.081 -.122 -.235 .405** 
Sig. .000 .000 .255 .000 .009 .000 .000 .020 .080 .002 .302 .000 .012 .347 .000 .000 .000 . .000 .000 .003 .011 .002 .484 .002 .168 .001 .533 .351 .068 .001 
Total P r -.530** .825** -.098 .380** .514** .525** .238 .342** -.007 -.250 .022 .520** -.370** .055 .770** -.512** .817** .794** 1.000 .672** -.242 -.322* .371** -.049 -.450** -.308* .264* -.404** -.275* -.393** .368** 
Sig. .000 .000 .454 .005 .000 .000 .065 .007 .959 .065 .874 .000 .003 .674 .000 .000 .000 .000 . .000 .060 .011 .003 .708 .000 .016 .040 .001 .032 .002 .003 
Resin P r -.510** .796** .479** .395** .270* .835** .649** .410** .188 -.538** .442** .222 -.042 -.386** .740** -.576** .713** .737** .672** 1.000 -.459** -.475** .683** .394** -.405** -.426** .666** .249 -.334** -.303* .716** 
Sig. .000 .000 .000 .003 .036 .000 .000 .001 .147 .000 .001 .085 .749 .002 .000 .000 .000 .000 .000 . .000 .000 .000 .002 .001 .001 .000 .053 .008 .017 .000 
Al DCB r .088 -.418** -.564** -.249 .109 -.544** -.486** -.154 -.440** .648** -.336* .211 .112 .385** -.352** .554** -.267* -.375** -.242 -.459** 1.000 .368** -.387** -.086 .377** .418** -.276* -.378** .324* .053 -.471** 
Sig. .502 .001 .000 .069 .405 .000 .000 .236 .000 .000 .012 .103 .390 .002 .005 .000 .038 .003 .060 .000 . .004 .002 .507 .003 .001 .031 .003 .011 .686 .000 
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Table A 3 (continued) Spearman’s rank correlation matrix of epigeal samples of mound Lact (n=60) 
 
**: Correlation is significant at the 0.01 level (2-tailed); *: significant at the 0.05 level (2-tailed).  
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Fe DCB r .451** -.347** -.326* .191 -.128 -.565** -.450** -.080 -.118 .253 -.482** -.197 -.113 .287* -.338** .269* -.317* -.322* -.322* -.475** .368** 1.000 -.320* -.382** -.083 .140 -.350** -.186 -.087 -.200 -
.458** 
Sig. .000 .006 .010 .167 .324 .000 .000 .540 .365 .063 .000 .128 .386 .025 .008 .036 .013 .011 .011 .000 .004 . .012 .002 .526 .281 .006 .151 .505 .122 .000 
Mn DCB r -.374** .442** .435** .033 .183 .654** .519** .205 .190 -.493** .413** .006 .099 -.410** .386** -.403** .369** .397** .371** .683** -.387** -.320* 1.000 .542** -.299* -.324* .804** .264* -.267* -.304* .955** 
Sig. .003 .000 .000 .812 .158 .000 .000 .113 .142 .000 .002 .964 .447 .001 .002 .001 .003 .002 .003 .000 .002 .012 . .000 .019 .011 .000 .040 .037 .017 .000 
Si DCB r -.428** .173 .645** .033 -.049 .594** .648** -.149 .388** -.417** .532** -.220 .352** -.565** .124 -.248 .111 .091 -.049 .394** -.086 -.382** .542** 1.000 -.181 -.263* .496** .629** -.188 -.239 .543** 
Sig. .001 .183 .000 .813 .706 .000 .000 .250 .002 .002 .000 .089 .005 .000 .339 .054 .396 .484 .708 .002 .507 .002 .000 . .163 .041 .000 .000 .148 .063 .000 
Al Ox r .145 -.508** -.299* -.565** -.111 -.384** -.297* -.184 -.160 .594** -.191 .217 .115 .324* -.351** .587** -.348** -.380** -.450** -.405** .377** -.083 -.299* -.181 1.000 .628** -.071 -.044 .666** .847** -.282* 
Sig. .266 .000 .019 .000 .393 .002 .020 .157 .217 .000 .162 .093 .376 .011 .006 .000 .006 .002 .000 .001 .003 .526 .019 .163 . .000 .586 .737 .000 .000 .028 
Fe Ox r -.100 -.269* -.399** -.327* -.073 -.442** -.336** -.202 -.291* .575** -.191 .245 -.255* .476** -.185 .379** -.175 -.179 -.308* -.426** .418** .140 -.324* -.263* .628** 1.000 -.067 -.107 .953** .619** -.300* 
Sig. .442 .036 .001 .016 .578 .000 .008 .118 .023 .000 .163 .057 .047 .000 .153 .003 .178 .168 .016 .001 .001 .281 .011 .041 .000 . .608 .411 .000 .000 .019 
Mn Ox r -.391** .435** .385** -.007 .012 .632** .484** .209 .175 -.401** .402** .084 .056 -.387** .423** -.368** .414** .406** .264* .666** -.276* -.350** .804** .496** -.071 -.067 1.000 .353** -.005 -.044 .806** 
Sig. .002 .000 .002 .958 .925 .000 .000 .106 .177 .002 .002 .519 .667 .002 .001 .004 .001 .001 .040 .000 .031 .006 .000 .000 .586 .608 . .005 .968 .736 .000 
Si Ox r -.029 -.015 .808** .098 -.311* .415** .600** -.089 .484** -.433** .489** -.490** .263* -.501** -.044 -.202 -.143 -.081 -.404** .249 -.378** -.186 .264* .629** -.044 -.107 .353** 1.000 -.053 .124 .329** 
Sig. .823 .908 .000 .482 .015 .001 .000 .496 .000 .001 .000 .000 .041 .000 .737 .118 .271 .533 .001 .053 .003 .151 .040 .000 .737 .411 .005 . .686 .341 .010 
Fe 
ox/DCB 
r -.188 -.217 -.309* -.407** -.066 -.317* -.223 -.177 -.248 .526** -.068 .280* -.213 .362** -.129 .321* -.125 -.122 -.275* -.334** .324* -.087 -.267* -.188 .666** .953** -.005 -.053 1.000 .698** -.213 
Sig. .146 .093 .015 .002 .613 .013 .084 .173 .054 .000 .622 .029 .099 .004 .321 .012 .337 .351 .032 .008 .011 .505 .037 .148 .000 .000 .968 .686 . .000 .100 
Al 
ox/DCB 
r .099 -.374** -.125 -.467** -.244 -.258* -.141 -.173 -.018 .376** -.056 .145 .047 .201 -.237 .347** -.277* -.235 -.393** -.303* .053 -.200 -.304* -.239 .847** .619** -.044 .124 .698** 1.000 -.221 
Sig. .447 .003 .336 .000 .059 .044 .277 .183 .890 .005 .682 .266 .719 .121 .066 .006 .031 .068 .002 .017 .686 .122 .017 .063 .000 .000 .736 .341 .000 . .087 
Mn/Fe 
DCB 
r -.399** .458** .510** -.008 .173 .692** .553** .219 .182 -.517** .451** .020 .114 -.417** .412** -.414** .369** .405** .368** .716** -.471** -.458** .955** .543** -.282* -.300* .806** .329** -.213 -.221 1.000 
Sig. .001 .000 .000 .952 .182 .000 .000 .090 .160 .000 .001 .878 .383 .001 .001 .001 .003 .001 .003 .000 .000 .000 .000 .000 .028 .019 .000 .010 .100 .087 . 
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